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offers a high image resolution, which would be an exce alternation

/ for the digital counterpart. We have also in this period conducted a

measuring technique for the degree of coherence in the Fourier plane of
the grating-based white-~light signal processor. We have shown that high
degree of coherence 1s achievable with a signal sampling grating it the
input plane. Thus the white-light technique is capable of processing
the information in complex amplitude and it is very suitable for color
signal processing. In this phasce of rescarch we have also studied the
effect of coherence due to source encoding, signal sampling and spectral
band filtering, as applied to the white~light signal procassing%i;{hi
effect of source encoding 1s to relax the constraints of a physical ™~ .
light source, and the effect of the signal sampling is to improve the
degree of temporal coherence at the Fourier plane. Thus the signal can
be carried out by a broad spectral filter. In this period, we have
investigated the noise performance of a white-light signal processor.
The noise performance under the temporally incoherent illumination is
quantitatively analyzed. We have shown that the output signal-to-noise
ratio improves considerably with the increasing the spectral bandwidth
of the light source employed. In addition, we have also evaluated a
dual-beam encoding technique for color holographic construction. The
color hologram image can be easily reproduced by a white~light processing
technique. This encoding technique would offer the simplicity of color
hologram generation without utilizing a reference beam. In brief, we

have shown again the versatility of the proposed white-light processing
technique.
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33: 1. Introduction
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P o
t:j In the past year, we have accomplished several major research works on

-
.

", %
/l

.
pred N
"

white-light optical information processing area. Our research programs

ey _ were consistent with our AFOSR grant, for which in part have been published
b

et :

b;-‘— in various refereed journals and conference proceedings, and have been

presented to several scientific conferences (e.g., OSA, SPIE). Sample
copies of these articles are included in this annual report in the
subsequent sections, to provide a concise documentation of our research
program. In.the folloﬁing sections, we shall give an overiiew of our
research work done in the period from March 15, 1983 to March 14, 1984, We
will detail some of those accomplished.works. A list of publications
resulting from AFOSR's support is included at the end of this report.

II. Summary and QOverview

Although optical signal processing has the unique abilities of (1)
complex amplitude processing, (2) parallel processing capability, (3) high
resolution, (4) speed, and (5) color, however the lack of versatility,
stringent processing environment, artifact noise, costly light soﬁrces.

etc., those are the major impediments for the slow emerging as possible

alternation to the digital counterpart. Nevertheless, there are techniques
for optical signal processing that can successfully compete against the

electronic and digital systems. One of those techniques would be the

‘

white-light signal processing technique. The advantages of the white-light
signal processing are: (1) It eliminates the coherent artifact, (2) the

white-light source is generally inexpensive, (3) the processing environment

L SA A AN

is rather relaxed, (4) the white-1ight processor i1s easy and economical to

I‘:" .IL

maintain, and (5) the processor is very suitable for color signal

processing.
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We have, in the past few years, developed a grating based white-light
optical signal processing technique [1,2] to processing the optical signal o
in complex amplitude. We have illustrated that this white-light processing
technique is capable of suppressiné the coherent artifact as an incoherent
processor [3] and at the same time it can process the information in
complex amplitude as a coherent processor [4]. In an article [5], we have
shown, that smeared-photographic-image can be deblurred with white-light |
processing tgchnique. since the white-light sources. possess all the visaible '
color wavelengths, it is particularly suitable for color image processing;
For example, the color image deblurring [6], archival storage of color film
[7), pseudocolor encoding [8) and others. We have also developed a source
encoding concept [9] in which the inability of an extended white-light
source may be alleviated. That is, for a processing operation, a source
encoding technique may be generated to provide a specific spatial coherence
function that is suitable for the processing, e.g., the lmage subtraction
with encoded incoherent source [10,11]. In other words, a broad spatial
coherence function may not be needed for certain optical processing
operations. It is possible, however, to obtain a reduced spatial coherence
function for a specific processing operation by spatially encoding the
light source, ﬁ; have also extended the incoherent image subtraction
technique for color images [11,12]. As compared with the results obtained
with a coherent soubce, we see that, the results obtained with incoherent
and white-light techniques offer a higher image quality than those obtained
with coherent processsing technique [13].

We have, also in the past two years, investigated the coherence

requirement for this white-light optical processing technique [14]. These

basic optical processing operations are evaluated. We have shown that for
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the linear image deblurring problem, the spatial coherence requirement is
dependent upon the source size, smeared length, and spatial frequency of
the grating. While for image subtraction problems, the coherence
requirement is dependent upon the ratio of slit size to the spacing of the
slits of a source encoding mask, the slit size, the spectral bandwidth of
the light source and the separ;tion of the input object transparencies.

For correlation detection [15], the requirement for temporal coherence
strongly depends on the spatial frequency and thg spatial extension of the
target (i.e.; space bandwidth product). However, the spatial coherence
requirement depends only on the extension of the target.

We have also formulated an appareht transfer function of this proposed
white-light optical processing system [16]. Although these formulas show
that the apparent transfer function is dependent upon the degree of spatial
and tempéral coherence, there is actually more variability in the spatial
coherence. We note that the obtained formulas may also be used as a
criterion in the selection of source size and spectral bandwidth of an
incoherent light source.

Thus a specific optical information processing

operation can be carried out with an incoherent source.

We have also in this period evaluated the (white-light transmission)
rainbow holographic aberrations and its bandwidth requirements [17]. We
have shown the conditions for the elimination of the five primary rainbow
holographic aberrations. These conditions may be useful for the
application of obtaining a high quality ralnbow hologram image. 1In terms
of bandwidth requirement, we have shown that the bandwidih requirement for

a rainbow holographic construction is usually several orders lower than

that of a conventional holographic process, hence a lower resolution

recording medium can generally be used.
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We have also conducted a research on the detection of phase object
variation through color encoding with encoded extended incoherent sources -
(18]. This technique provides fine detail of the object phase variation
between fringes, including both the positive and negative phase.variations.

In the following sections, wé shall highlight some of the research
done during the past year effort on white-light signal processing.

2.1 Broad Spectral Band Color Image Deblurring (Section 111I)

In the past twelve months, we have conducted a broad spectral band
color image éeblurring'[19]. The technique utilizes a fan-shape broad
spectral band deblurring filter to compensate the scale variation of the
smeared Fourier spectra, This technique is particularly suitable for
linear smeared color image deblurring.

2.2 Noise Performance
In this period, we have also quantitatively analyzed the noise

performance for a white-light signal processor. The analysis is broken

down into two major parts; the effects due to temporal cohercnce and due to

"spatial coherence. We have completed the noise performance due to the

temporally partially coherent illumination, for which a paper is submitted
for publication [20].
2.3 Pseudocolor’Encoding with Three Primary Colors (Section 1IV).

We have also in this period developed a white-light density
pseudocolor encoder for three primary colors [21]. The advantages of this
technique are; it is very coat cffective and offers a high image
resolution, as compared with the digital technique.

2.4 Partial Coherent Measurement (Section V).
We have, in this phase, accomplished a coherent measurement for our

white-light optical signal processor [22]. The results show that the
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degree of coherence in this Fourier plane increases as the spatial
jf' frequency of the sampling grating increases. However, the improvement in
- coherence is somewhat more effective in the direction perpendicular to
t
~ . light dispersion. Since the white~1light processor is capable of processing
S
;f? complex signal with entire spectral band of the light source, it is
<. suitable for color signal processing.
i 2.5 Restoration of Out-of-Focused Color Image (Section VI).
f_f In this period, we have also extended the color image deblurring to
;“’ 2-D out-of-focused color photographic images [23]. Final results of this }
\ .
. |
e restoration technique have been obtained.
:; 2.6 Source Encoding, Sampling and Speétral Band Filtering (Section VII). :
- We have also in the past year developed a general concept on source ;
Fj encoding, signal sampling and spectral band filtering for a white-light !
S
33 processor [24]. A similar paper was also presented to the 10th
Y -
k" International Optical Computing Conference at M.I.T. on April 6-8 [25].
s 2.7 'Advances in White-Light Optical Signal Processing (Section VIII). ‘
23 |
::. We have also in this period reported a paper on the recent advances in |
.‘.\‘
';_ white-light to the proceedings on Optical Information Processing Conference '
- 11, NASA Langley Research Center [26].
. A !
% 2.8 Remarks
\ :::.
.' We have also, in this period, investigated the real-time and computer
;2 controllable processing capability as applied to white-light signal
i: processing. We are also currently developing a computer generated filter
N \
=) algorithm for our white-light signal processor. Interesting results would
:E be surfaced in the near future. In short, the white-light signal
,
o
;; processing research program, supported by AFOSR, is conducted extremely
v' .I‘
i; well as proposed. As it can be seen, several significant results have been
.
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documented in open literatures available for the interested technical and

S

research staffs, for example, as listed in Section III to VIII.

.".*".

4

PR

2.9 Future Research

R

Our aim in the following years is toward the following goals:

5%

é& 1. The synthesize a low cost computeﬁ controllable white-light

i%t pseudocolor encoder.

- 2. To carry out the white~light programmable pscudocolor cncoder for
ES multispectral band satellite pictures, x-ray transparencies, scanning

)
* sHosmme s

electron micrograph, etc.

3. Measurement of the noise performance of the white-light signal
processor.

4, To develop a real-time programmable processing capability for the
white-light signal processing technique,

5. To carry out various real-time signal processing applications.

6. To develop a real-time color signal processing capability.

7. Provide experimental demonstrations and applications of the
principles and processing operation that we proposed.

8. To develop techniques of synthesizing a broad spectral band

complex matched filter for the white-light processing system.

9. To develop a computer generated spatial filters program that is
suitable for broad spectral band white-light processing.

10. To develop a technique of utilizing real-time magneto-optics
spatial light modulator for filter synthesis, as applied to white-light.

11. Improve the resolution, system performance, and signal-to-noise
ratio of the proposed system,

12. To develop a generalized source encoding technique for the

proposed white-light processor.
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To develop a sun-light processing capability.

14, Evaluate the merits, constraints, and limitations of the proposed
system,

15. To develop techniques of generating and reconstructing‘hologram
philosophies of the US Air Force and DOD needs.

The modern tactical and strategic Air Force engagement scenarios
assume rapid, effective, secure, independent processing and communication
among many ground and airborne stations. We bel}eve that the proposed work
will have a brofound and direct effort on Air Force processing system as
well as provide substantial "fall out" benefit in such areas as radar,
sonar, tracking, targeting, surveillanée, inspection, and many others.
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Broad spectral band color image deblurring

T.H. Chao, S. L. Zhuang, S. Z. Mao, andF. T. S. Yu

A hroadband white-light processing technique for smeared color photographic image deblurring is described.
The technique utilizes a diffraction grating method to disperse the smeared image spectra in the Fourier
plane so that the entire spectral hand of the white -light sogree enn be utitized for the debluering. o this
paper the technigue of syathesizing n fan-shape type complex deblurring filter (o secommodate wavelength
varintion in presented.  Bxperimental resalts showed that this hrond spectral band processing technigue of -
fers an excellent coherent artifact nuise suppression, and the technique is particularly suitable for color
image deblurring. Experimental demonstrations and comparisons with the narrowhand and coherent de-

blurring are also provided.

I. Introduction

Restoration of smearved photographic images has long
been an interesting and important application in optical
processing.’ 7 Inimage deblurring much of the effort.
has been devoted to applying inverse filtering concepts
{o the image restoration.  As those works evolved, two
problems are still of intense interest; namely, the co-
herent artifact reduction and color image deblurring,
Although Wiener filters had heen applied in coherent
processors by several investigations! 6 for noise reduce-
tion, they do not suppress the inherent coherent artifact
noise in the processing system. Recently, Yang and
Leith? proposed a spatial domain deconvolution tech-
nigue for image deblurring. They used an extended
incoherent line source for deblurring, and the coherent
noise was remarkably reduced. However, their tech-
nique is only suitable for processing monochrome
blurred images. In previous papers®-1° we presented
a white-light processing technigue for linearly smeared
image deblurring. We have shown that the white-light
image deblurring technique is capable of eliminating the
coherent artifact noise and is suitable for color image
deblurring. However, the results that we obtained were
primarily restricted to the narrow spectral band de-
blurring concept.

In this paper we shall extend the image deblurring
technigue to the entire broad spectral band of the
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white-light source. To obtain the broadband de-
blurring efleet, a fan-shaped spatial filter to compensate
the scale of the Fourier spectra should be utilized at the
Fourier plane.  The technique of synthesizing the
fan-shaped broadband deblurring filter is given. T'he
coherence requirements for the white-light image de-
blurring are illustrated. Experimental demonstrations
with the comparison of narrowband deblurring and
coherent technique are provided.

Il. Broadband image Deblurring

We shall now discuss a hroadband image deblurring
technique utilizing the entire spectral band of a white-
light source. Let this linear smeared imag» be given,
ie.,

\
A(x,y) = x(x,y) t =] . (1
(x.¥) = 5(x,y) * rec (W) n

where §(x,y) and s(x,y) are the smeared and unsmeared
images,

Lyl =¥
N h) —2

-*_') .
w, 0, otherwise,

and W is the smeared length.

Let us insert the smeared image transparency of Kq.
(1) into the input plane ') of a white-light optical pro-
cessor as shown in Fig. 1. The complex light distribu-
tion for every wavelength A at the back focal length of
the transform lens would be

rect ( (2)

Ete,B;)) = C I #(x,v,\) explipox)

X exp I— i ‘2;’[: (xev + )’f”] dxdy, (3

where pq is the angular spatial frequency of the phase
grating, e = [(M)/27]p and 3 = |(Af)/27]q represent the
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wpatinl coordinate system of Fourier plane Py, (p2,q) is
the carrespondding angular spatial frequency coordinate
syvstem, £ is the foenl fength of the achromatic (ransform
lens, and C is on appropriate complex constant, ‘Thus,
Eq. (3) can be written as

E(o,8:0) = CS (a N po.ﬁ) , [C);
2x '

where

Sla - (\/2%)poB] = S

a- (5)%) Po-ﬂl sinc (% ﬂ) (5)
is the linear smeared image spectrum,

Since seale of the signal speetrom is proportional to
the wavelength of the light source, the corresponding
signal spectra would smear into a fan-shaped rainbow
color as cnan be seen from Fq. (5).  Inother words, the
top (i.e., the wider region) of the smeared spectra is in
red and the bottom is in violet. '

Let us assume that a fan-shaped broad spectral band
deblurring filter (i.e., a broadband inverse filtet) to ac-
commodate the variation of the scale of the signal

spectra is available. This fan-shaped filter is described
in the following equation:

H g\ =4 (u - ::—:pn.ﬁ) {flm-l (i‘i) exp (- ] :i; ﬁy)l d_\-l—‘ .
R T2 A

In image deblurring we would insert this deblurring
filter of Eq. (5) in the spatial frequency plane of Py.
The complex light distribution for every A at the output
image plane P, can be written as

glxy:=p?

A
N (u - —£ p...;i) /l(n.[i;Ml ' 7
2x

Fig. 1. White-light processor for smeared color image deblurring:

1, white-light point source; S(x,), smeared color image transparency;

T(x), diffraction geating: 1.y and L, achromatic transform lenses;
Hin 30, broad spectral band deblurring filter.
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Fig. 2. Plots of the deblureing width AW s n funetion of the spectral
handwidth of the light mnirce A for various vahiues of smenred length
w.

where F-! denotes the inverse Fourier transform; by
substituting Fqs. (5 and (6) into Fe. (7), we have

2lxyi\) = slx.,y) explipax), . (8)

wvhich is independent of the wavelength of the light
source. The resultant output intensity distribution can
be shown as :

Hay) = j; IRy [dh = BX[sx I, ©

which is proportional to the entire spectral bandwidth
AX of the white-light source. Thus we see that this
proposed white-light deblurring technique is capable
of processing the information with the entire visible
spectral band, and it is very suitable for the application
to color-image deblurring. Since the integration of Eq.
(9) is taken from the entire spectral band of the white-
light source, the coherent artifact noise in principle can
he eliminated.

M. Coherence Requirement

Although this proposed deblurring technique utilizes
a white-light source, the processing is operated in a
partially coherent mode. It is, therefore, our aim in this
section to discuss the basic coherence requirement for
this propoused color image deblurring technique.

In a previous paper!! we obtained the coherence re-
quirer ents for a partially coherent optical processor.
Several of those fruitful results can be applied to our
proposed white-light image deblurring system.

We shall first discuss the temporal coherence re-
guirement for the image deblurring. We shall use the
results obtained in our previous article as shown in Fig.
2. This figure shows the plots of the spectral width AX
requirement. of the light souree (i.e., equivalent to the
narrow spectenl width of the deblurring filter) as a
function of deblurred length (AW) for various values
of smeared length W. ‘The wavelength spread across
a narrow speciral hand filter centered at wavelength
A is '

AN = A48/l po > Ap. (10)
or
Ap_4A an
[ D Y

where Ap is the angular spatial frequency limit of the
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:;:: 1 Table Il. Effect of Spatial Coherence Requirement

A
A
()

s 1/20 1/16 1710 1/5
-

o 0.5 mm 0.2 .44 0.6 0.2
- I mm o1 018 0.26 0.40
T 2 mm 0.05 0.08 0.12 018

\ . , .

- input blurred object transparency, and py is the angular
s spatial frequency of the phase grating.  ‘T'he tempornl
O coherence requirement for a narrow spectral band de-

- blurring filter for wavelength 5461 A is tabulated in
- Table 1.

' Although the temporal requirement is based on a
- narrow spectral band analysis, it can be extended to a
- broad spectral band operation. For example, a broad
v | spectral band filter (e.g., fan-shaped deblurring filter)
o can be considered as a summation of a sequence of
- narrowband spatial filters of various wavelengths. The

X deblurred image is the result of the superposition of the
é mutually incoherent light fields derived from the nar-
e rowband filters. ‘T'hus, the temporal coherence re-
e quirement shown in Table I can also be applied to a
o broad spectral band filtering. As an example, if
- (AP po = 0.012 and the spectenl bundwidth of the light

[+« sonree is UNK AL the brond spectend band deblurring
2 filter is approximately equad to the sum of eleven narrow

- spectral band filters. ‘I'he mean spectral bandwidth AX

- of those fillers is 270 A, and the deblurring ratio

i _'_«)’ (AW)/W is 1720, In other words, il is possible to syn-

W thesize a fan-shaped type spatial filter to compensate
- -. . " - p I %3 l

oy with the scale variation of the smeared Fourier spectra

¥oht in the spatial frequency plane so that the deblurring

@ takes place with the entire spectral band of the white-
s light source. Since the broadband deblurring utilizes .

S the whole visible spectrum of the light source, it is
N particularly suitable for color image deblurring.

LA\

- '.

S

R Ty
.

R S T, T S T S S S A S O |

‘ment.

13

We shall now discuss the spatial coherence require- .
Since the deblurring operation acts on the
smeared length, the coherence requirement is depen-
dent on the width of the light source. Let us now use
the plots of deblurring width as a function of the source
size as shown in Fig. 3. From this figure we see that the
deblurring effect (i.e., AW) ceases when the source
width AS reaches a critical width AS. We shall now
summarize the results of the spatial coherence re-
quirement in Table 1. From this table we see that the
higher the degree of deblurring (i.e., smaller AW), the
more critical the spatial coherence (e, smaller the AS)
is required. I is, therefore, one of the prices we paid
for a higher degree of deblurring.

IV. Broadband Deblurring Filter Synthesis

We shall now brietly describe the synthesis of a fan-
shaped (i.e., hroad spectral band) deblurring filter. The
synthesis is a combination of an absorptive-amplitude
filter and a phase filter. A fan-shaped phase filter is
composed of several slanted bar-type phase ohjects as
Each phase bar would give rise to
specific © phase retardation for a predescribed disper-
sion of rainbow color wavelength. We note that the
height of deblurring filter is, of course, dependent on the
grating frequency py at. the input plane. 'T'he period-
icity of the deblurred filter is certainly determined hy
the smeared length of the blurred object, and the width
of the filter defines the degree of deblurring.'? In
constructing a broad spectral band phase deblurring
filter, we utilize a vacuum deposition technique. It can
he accomplished by depaositing the magnesium Nuoride
(Mg, on this surface of an optical flal glass substrate.
In this technique, n blocking mask of a fan-shaped bar
pattern as shown in Fig. 4 is used for the vacuum de-
position. The MgF, vapor is deposited through this
blocking mask, together with a lincar moving covering
plate, from top to bottom as illustrated in Fig. 4.

The thickness of the depusited coating can be deter-
mined by the following equation:

A
d- .
20n =1

(12

Opixol Fint
J// (a1s Gubeate

Fon Shape
Blockng Mosk

tinanr Mowving Hate

N (AR RN ' .
1 LR R T B R R AR A A '

1 SAYNLRNY vy !

1 VAN VYRN L g |

) AANYYY LY g |

| VYAV YO gt |

| AANLNLY b |

| ANYY R el |

) (RN NN NN Y) |

: vuuLluuy :
e e J
Fig. 4. Phase filter mask for MgF; vapor deposition.
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;‘!; where 0 is the refenctive index of the coating material,
" f This coating thickness is linearly proportional to the
e { dispersion of the illuminating wavelength. We note ‘
RO < that a strictly linear contral of coating thicknesses is H )
e t: very essential. The advantage of this phase type filter .
N is to improve the transmission efficiency, since the
t overall deblurring filter is, in general, highly absorp-
. tive. -
- In principle, it is a straightforward method to syn-
I thesize a fan-shaped amplitude filter. The synthesis '\ P
. can be accomplished by inserting a slit aperture of a slit o P
-, width equal to the smeared lenglh of the blurred image +
! at the input plane I’y of the white-light optical processor ' -
{ shown in Fig. 1. The size of the white-light source ~

should be adeguately small under the spatial coherence
regime Lo obtain a smeared sine lactor (i.e., sincared
Fourier specten of the slit aperture) in the Fourier plane,
An amplitude filter can then be synthesized by simply
recording this smeared sinc factor on a photographic
plate. If the film-gamma of the recorded plate is con-
trolled to about unity (i.e., ¥ = 1), the nmplitude
transmittance of the recorded plate is equivalent to that
of the desired fan-shaped amplitude filter. However,
in practice, o fan-shaped type amplitade lilter is not.
that easy to synthesize due to three primary reasons.
First, il n very smnll souree gize is required for the filter
synthesis, it usually takes a longer exposure time, for
example, if Kodak 649F plate (a low-speed film) is used.
Sccond, the spectral response of the recording plate is
generally not uniform for all visible wavelengths. The
recorded filter would produce uneven transmittance in
the direction of the smeared color spectra. The effect
of the trimsmittance varistion of the filter wenld affect

the fidelity of color reproduction and the degree of

restoration, "Third, it is difficult to synthesize a side-
band amplitude filter, since the dyvnamice range of the
photographie film is very limited,

‘There is an alternative technique of generaling a
fan-shaped amplitude filter with coherent illumination
as shown in Fig. 5. The purpose of using a curved-slit
aperture is to accommaodate the scale variation of the
amplitude filter. 'The expression of the curved-slit
aperture can be written -

() - 2ol '
div v My = reet | ---—|dle = —pul . (1:1)
WA/ 27
where Ay is the wavelength of the coherence source, W
is the smeared length of the blurred image, f is the focal
lengeth of the eviindrical transform leans, and A is the
wavelength of the white-lipght source,

The corresponding Fourier teansformation of the
curved-slit aperture can be shown as

w A
Mo 30) = sine (1—{- ﬁ\’ . f»(u - én..) . (14)

where * denotes the convolution operation.

It is clear now that a photographic recording of the
spectra shown in Eq. (14) would produce a desirable
fan-shaped amplitude filter for deblurring. Insynthesis
of this broadband amplitude filter, a He-Ne laser, with
a rotating ground glass to reduce the artifact noise, is

1442 APPLIED OPTICS / Vol. 22, No. 10 / 15 May 1983

Fig. 5. Generntion of nmplituwlde Gilter S monachromatic plane wave;
L, eviindrical trnonform fens,

used as a coherent.source. Kodak 131 plate is used for
the recording plate, and a G-min developing time ina
POTA developer at 24°C is used (o control the film
gamma to about unity. ‘The spectral wavelength limits
are chosen from 4000 to 7000 A, Within the dynamic
range of the recording film, five sidetobes of ~30 1
dynamic range (or a density range of 2.5) are recorded
with gowd accuracy. "The fan-shaped amplitude filter
obtained is tested with satisfactory results.

V. Experimental Resuilts

In this section we shall provide a few experimental
results of image deblurring utilizing a broadband
white-light source. Inour experiments, a 75-W xenon
arc lamp with a 200-um pinhole is used as a broadband
white-light source. A phase grating of 130 lines/mm
with 20% diffenction efticieney at ench first order dif-
fraction is used at the input plane, An f/8 transform
lens with 300-mm focal lengdh is used for imnge Fourier
transtormation,

We shall first demonstrate the effect of the broad-
band deblurring as compared with the narrowhand and
the result obtained with coherent source.  For sim-
plicity of iHustrations, we use a set of linear blurred al-
phabets as input objects as shown in Fig. 6(a). The
smeared length is ~0.5h mm.  Figure 6(b) shows the
deblurred image obtained with this broadband de-
blurring technigue, nnd the speeteal bandwidth is ~3000
A under white-light illumination. Figure 6(c) is the
result obtained with a narrow spectral band deblurring
(ilter of ~AN = 100 A centered at 6328 A, Figure 6(d)
is the deblurred inmngge obtnined with a e Ne coherent
source,  In the comparison of these results, we see that
the results obtained with a broad spectral band white-
light source offers a higher deblurred image quality; (or
example, the coherent artifact noise is substantially
suppressed, and the deblurred image appears to be
sharper than the one obtained with a narrowband
case.

We shall now experimentally demonstrate the ca-
pability of the white-light technique for color images.
Figure 7(a) shows a black-and-white color blurred image
of a building due to linecar motion as an input color
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object. From this figure we see that the white window
frames, the front doors, bushes, two white beams, trees,
vte. are severely smeared.  Figure 7(b) shows the de-
blurring result that we have obtained with this white-
light processing technique. From this figure, we have
seen Lhat the color reproduction is rather faithful and
the deblurred effect is spectacularly good; for example,

the window frames, the bushes, the beams, the front

doors, the trees, etc. can be clearly identified.

We would now provide another more striking exam-
ple of the color image deblurring with this white-light
processing technigue, Figure 8(a) shows a black-and-
white linear-motion blurred picture of an F-16 fighter
plane. The bady of this fighter plane is painted in
blue-snd-white colors, the wings are mostly painted red,
the tail is blue-and-white, and the ground terrain is
generally a bluish color. Feom this figure we see that
the letters on the body on one of the wings and on this
side of the tail are smeared beyond recognition. The
details of the missiles at the tips of the wings are lost.

(b)
Fig. 8. Colorimage deblurring: (a) a black-and-white picture of a
smeared color image of an F-16 fighter plane, (b) a black-and - white
picture of the deblurred color image.
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The star symbols at the tail end of the body and on the
top of the wings are bhadly distorted.  The features of
ground terrain are obscured. Figure 8(b) shows the
color image deblurring resuit that we have obhtained
from Fig. B(a) with the proposed white-light deblurring
technique. From this deblurred result, the letters
USAF on the wing and YF-16 on the side of the tail can
be clearly seen. The words U.S. AIR FORCE may be
recognized. The star symbol on the wing can be clearly
identified; however, the one on the body is rather ob-
. scured.  Undoubtedly, the missiles at the tips of the
wings can be seen, and the pilot in the cockpit is quite
visible. The overall shape of the entire airplane is more
distinctive than the blurred one. Moreover the river,
the highways, and the forestry of the ground terrain are
far more recognizable in this deblurred image. The
color reproduction of the deblurred image is spectacu-
larly faithful, and coherent artifact noise is virtually
nonexistent. There is, however, some degree of color
deviation inherently existing in the deblurred image.
These are primarily due to chromatic aberration and the
antireflectance coating of the transform lenses. Nev-
ertheless, these two drawbacks can be overcome by
utilizing good-quality achromatic transform lenses. A
research program is currently underway to investigate
this effect.  Further improvement of the deblurring can
also be accomplished by utilizing a blazed grating for
high diffraction efficiency and a broader spatial band-
width of the deblurred filter for a higher degree of de-
blurring. These two problems are also under current
research.

VI. Summary

We have shown a broadband color image deblurring
technique utilizing a white-light source. This broad
spatial band deblurring technique utilized a grating base
method to obtain a dispersed smeared image spectra in
the Fourier plane so that the deblurring operation can
he taken placed in complex amplitude for the entire
visible wavelengths, To perform this complex ampli-
tude deblurring for the entire spectral band of the light
source, we have shown that a fan-type deblurring filter

A SRS GES E A CMA OO EACA LS LA G AR LA INL R

PR MR AL A PO
16

phase filter is synthesized hy optical coating techniques,
while the fan-shaped amplitude filter is obtained by a
1-1) coherent processing techniquie,

By comparison of the results obtained by the broad-
band image deblurring with the narrow spectral hand
and coherent techniques, we have seen that the results
obtained by the broadband deblurring offer a higher
image quality. We have also shown fhat the broadband
deblurring technique is very suitable for color image
deblurring. We have provided several color image de-
blurring results obtained by the hroadband deblurring
technique. KFrom these color deblurred images we have
seen that the fidelity of the color reproduction is very
high nnd the quality of deblurred image is enther good.
Although there is some degree of color blur due to
chromatic aberration of the transform lenses, it can be
eliminated by utilizing higher-quality achromatic
transform lenses. )

Further improvements of the deblurring can also he
obtained by utilizing a blazed grating to achieve a higher

-smeared spectral diffraction efficiency so that a wider

spatial band deblurring filter can he used to achieve a
higher degree of deblurring. Finally, we would like to
point out that the utilization of higher-quality achro-
matic transform lenses and a blazed grating for the
broadband image deblurring technique is currently
under investigation,

We acknowledge the support of the U.S. Air Force
Office of Scientific Research grant AFOSR-81-0148.
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WHITE-LIGHT DENSITY PSEUDOCOLOR ENCODING

WITH THREE PRIMARY COLORS

F.T.S. YU X. X. CHEN, T. H. CHAO

SUMMARY : A technique of generating density pseudocolor
encoding with three primary colors using a white-light optical
processor is described. Spatial encodings are made with positive,
negative, and product of positive and negative photographic-
image transparencies, and the pseudocoloring is obtained by color
filtering of the smeared Fourier spectra. The technique is simple,
versatile, and economical to operate that may offer a wide range
of applications. Since coherent sousces are not utilized, the color
coded image is [ree from coherent artifact noise. Experimental
demonstrations of this density pseudocolor encoder are provided.

Most of the optical images obtained in various
. scientific applications and usually gray-level density
images. For example. scanning electron microscopic
images, multispectral band acrial photographic ima-
ges. x-ray transparcncics, ele. However, humans can
perceive in color better than gray-level variations. In
other words, a color coded image can provide a
greater ability in visual discrimination.

In current practice. most of the pscudocolorings
are performed by digital computer technique (] If
the images arc initially digitized, the computer tech-
nigue may be a logical choice. However, for conli-
nuous tone images, oplical color encoding  tech-
nique {2} would be more advantageous for at lecast
three major reasons : first, the technique in principle
can preserve the spatial frequency resolution of the
image to be color coded ; sccond. the optical system
is generally casy and cconomical to operate; third,
the cost of an optical pseudocolor encoder is gene-
rally less expensive as compared with the digital
counterpart.

Density pseudocolor encoding by halftone screen
implementation with a coherent optical processor
was first reported by Liu and Goodman [3}, and later
with a white-light processor by Tai, Yu and Chen [4].
Although good results have been subsequently report-

Mots CLIS”: KEY WORDS :
Traitement des images Optical processing .
Pseudocouleurs Pseudocolors

Images codées par trois couleurs primaires

RESUME : On décrit une méthode de codage pseudocoloré avec
trois coulcurs primaircs en utilisant un processcur Optique on
lumiére blanche. Le codage pscudocoloré est fait en filirant par des
écrans colorés les spectres de transparents photographiques.

Le procédé est simple et 1l permet des applications variées dans de
nombreux domaines. L'éclairage étant incohérent, on évite les
défauts bien connus des images en lumiére cohérente.

Quelques exemples montrent 'eflicacité de la méthode

ed, however there is a spatial resolution loss with

“the hall-tone technique and number of discrete lines

duc to sampling are gencrally present in the color-
coded image. A technique of density pseudocoloring
through contrast reversal was recently reported by
Santamaria et al. [5]. Although this technique offers
the advantage over the halftone technigue, the optical
system is more claborate and it requires both inco-
herent and coherence sources. Since the coherence
source is utilized, the coherence artifact notse s
unavoidable.

Maore recently o density  pseudocolon  encodimg
using a whitc-light processing techmgue was reported
by Chao, Zhuang and Yu [6}. This technique offers
the advantages of cohercnce noise reduction. no
apparcnt resolution loss, versatility and simphcity of
system operation, and low cost of pscudocoloring.
Although excellent results have been reported by this
technique, however pseudocolor encoding is primanly
obtained by means two primary colors. We shall, in
this paper. extend this white-light pscudocolor encod-
ing tcchnique for three primary colors. There is
however one disadvantage of this proposed technique,
it is still not a real-time pseudocolor encoding tech-
nigue.

We shall now describe a simple whitc-light density

— ————— —-—
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pscudocolor encoding technique for three primary
colors. We assume that a x-ray transparency (called
a positive image) is provided for pscudocoloring. By
contact printing process, a negalive x-ray imagc
transparency is made. Let us now describe a spatial
encoding  technique to obtain a  three-gray-level-
image encoding transparency for the pscudocoloring.
The spatial encoding is performed by respectively
sampling the positive, negative, and the combination
of both (ie. the product of positive and ncgative)
transparencics onto a black-and-white photographic
film, with specific sampling grating frequencies orient-
ed at specific azimuthal directions. To avoid the
Moire fringe pautern, we shall sample these three
images in orthogonal dircction with different specific
sampling frequencics, as proposed in figure /. As an

Cotlimgted Coltimated Collimated
whue Lignt White Light White Light

li il
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Sinysoidal Grating
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Negative Positwve . 4 Negafive™ Positive
Trongporency Tegnsparancy Transparency Teansporency
Protographic Frim Protographic Film Protographic Fiim

b 1 Spetral encading.

llustration, the intensity transmittance of the encoded
film can be written as

(N Tlx.y) = K{Ty(x.y)[! + sgn(cosp, y)]

+ Ty(x, y){l +sgn (cos p, x)}

+ Ty(x.y) {1 +sgn (cospyx)) } 77,
where K is an appropriate proportionality constant,
T,.T,. and T, are the positive, the negative, and
the product image exposures, p,. p,. and p, are the
respective carrier spatial frequencies, (x. v) is the

spatial frequency coordinate system of the encoded
film, 7 is the film gamma, and

l,cosx 2 0,

a
2) sgn (cos x) { - lcosx <0.

J. Optics (Paris), 1984, vol. 15, v 2

We shall now blcach the encoded transparency to
obtain a surface reliel phase object [7. 8]. We assume
that the bleached transparency is encoded in the
lincar region of the diflraction efficiecncy D versus

log-cxposurc E curve {8]. Thus, thc amplitude trans-

mittance of the bleached transpasency can be written
as

3) t(x, y) = exp[ig(x, y)],

where ¢(x, ¥) represents the phase delay distribution,

which is proportional (o the exposure of the encoded
film [9]. such as

4) ox,y) =M {T(x.»)]} + sgn(cosp, y)
+ Ty(x. )1 + sgn (cos p,y X))
+ T3(x, 3 (1 + sgn(cos py x)} §,
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FiG. 2. A white-light pseudocolor encoder

where M is an appropriate proportionality constant.
If we place this bleached encoded film at the input
plane P, of a white-light optical processor. as illus-

trated in figure 2 then the complex light distribution

due to 1{x, y). for every A, at the spatial frequency
plane P, can be determined by the following Fourier
transformation :

(5) S(zp.4) = J.jr(x y)exp[— 1= ] T (ax + By ]dx dy = Jjexp[id)(x. V)] exp[- 127} (ax + li,\')] dxdy.

By expanding (x, y) into an exponential series, Eq. (5) can be written as

6) Sta, B 2) = JH )+ iplx. y) + 12[id>(x. »n? +

- } exp[— i% (ax + ﬂ)')] dx dy .

By substituting Eq. (4) into Eq. (6) and retaining the first-order terms and the first-order convolution terms, wo

have :




P

| -

sy
e Y,
.
atae «
e o

'I

e
(] ‘D‘I.
P ]

4

tre'r

-v-
Lty ‘*.‘f-.

.V"v-j
.
AENES

vegp v vy g

"
.

.0 . -l".‘.

S

‘-“.' (AL

“nn

-
.

o
.
.
AR I

A

LB AR
.

v
o
. %
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+ 712(" t %I’z- ﬂ) . T.\(“ t %I’sv ﬂ)»

where T,. T, and T, arc the Fourier transforms of T,, T, and T, respectively. » denotes the convolution opera-
tion, and the proportional constants have been neglected for simplicity. We note that, the Jast cross product term
of Eq. (7) would introduce a Moire fringe pattern, which in the same sampling direction of P2 andd py Nevertheless,
allof these cross product terms can be properly masked out at the Fourier planc. Thus by proper color filtering
the first-order smeared Fourier spectra, as shown in figure 3, a Moire free pseudocolor coded image can be obtained
al the output plane Py. The corresponding complex light ficld immediately behind the Fourier planc would be

-

8) S(a. f) = T‘,(a. B - %{p.) + Tz(a -

Blue Color Filter

2:/

(
> 9
b
;\
1

Red Color Filter

cyJ ;éz\\ AR

Stop Band Green Color Filter

Fi1G. X — Fourier plune color filiering.

where 4,. 4, and 2 arc the respective red, blue, and
green color wavelengths. At the output image planc,
the pseudocolor coded image irradiance is therefore,

®) Tix,y) = Tiix. ) + Thix. ) + Tix. y),

which is a superposition of three primary color
encoded images, where T,,. T,,. and T,, are the
red, blue, and green amplitude distributions of the
three spatially encoded images. Thus a Moire free
color coded image can be obtained at the output
planc.

In our expcriment, we utilized two sinusoidal
sampling gratings. one is 26.7 linessmm and the
other is 40 lines/mm for the spatial encodings. The
encoding transparency was made by Kodak tech-
nical pan film 2415. The advantage of using Kodak

AL . AS
ib—ull’r ﬂ) + T:(“ + 7’;]!’3'» B>'

J41S film s that it is a low contrast film with a rela-
tively flat spectral response. The plot of diffraction
cfficicncy versus log-cxposurc for Kodak 2415 film
at 40 lines/mm sampling frequency is shown in
Jigure 4. From this figure, we see that the bleached
cncoded films offer a higher diffraction efﬁciencjy. the
optimum value occurs at éxposures 8.50 x 107~ mcs.
With reference to this optimum exposure, it is possibic
to optimize the encoding process in the following :
first, preexposuring the film beyond the shoulder
region ; sccond, subdividing the remaining exposure
into three regions by taking the account of the trans-
miticent exposures of the three encoded images.

Kodoh 2415 Fiim

N . © Bieoched
° & Non-bleoched
°

/
/ ~.

20

Diftraction Efticiency (%)

Log Esposure(mes)

B 4o - Diffraction effictenc v versus log exposure plot of a t1yprcal
sputiully encoded fitm.

In pseudocoloring. we utilize the Kodak primary
color filters of No. 25, 47B and 58 in the Fourier
plane, as shown in figure 3. A xenon-arc lamp is used
as extended white-light source for pseud:  lor encod-
¢ of figure 2.

For experimental demonstrations, we would first
provide a gray-level x-ray picture of a front view
female pelvis, as shown in figure S(a). Figure 5(b)
shows the color encoded image obtained by the
white-light pscudocolor encoder. In this color coded
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image, the positive image is encoded in red, the
negative image is encoded in blue, and the product
transmittance of the positive and negative images is
encoded in green. From this figure, we see that a
broad range of pscudocolor encoded density can be
perceived, and the color-coded image appears free
from coherent artifact noise and Moire fringes. The
patient of the x-ray picture appears to have suffered
from a surgical opcration, where the bore and point
hardwares can be seen. A section of the bone. between
the sacroiliac joint and spinal column, has been
removed.

It may also be intcresting to note that a reversal
of the color encotling can be casily oblained by this
white-ligh' nscudocolor encoding technique. as shown
in figure S¢¢). In this figure. the positive image is
encoded in ‘bluc. the negative image is encoded in
red, and the product transmittance is cncoded in
green. From this figure, again we sec that a broad
range density pseudocolor encoded image with diffe-
rent color textures can be obtained. For example the
air pockets in the colon of the patient in figure 5(c)
is much casicr to be identified. In concluding this
paper. we note that a wide variety of pseudocolor
encoded images can casily be obtained by simply
alternating the color filters in the Fourier plane of
the white-light processor. The proposed white-light
pseudocolor encoder is economical and easy to
operate, which may offer many practical applications.
There is. however, one disadvantage of this technique,
it requires a spatial encoding process. Therefore,
it is not a real-time pscudocolor encoding method.

We acknowledge the support of the U.S. Air Force
Office of Scientiflic Rescarch Grant AFOSR-81-0148,

REFERENCES

1 Anpriws (H. C). Tisciir (A B) and Kruarr (R.P). —
1ELE Spectrum. 9. 20 (1972).

(2) Yu (F. 1. S.). — Optical Information Processing. Wiley-
Interscience Publishing Co.. New York. 1982.

[3] Liv (H. K.) and Goopman (J. W.). — Nouv. Rev. Opt.. 7

IRS (1970).

4] Tat (A Yu (K. 1. S) and Cinn (B Opr Lent . 30190
(197K).

15) SaniamarIA (J.). Gia tM) and Wiscos 3y J Ope . 1.
15 (1979).

{6) Cuao (T 1L), ZnuanG (S, 1) and Yo (15 T 8). Opr. Lett.,
5. 230 (1980),

171 Urarnnks (1) and Lrosawn (0 ), Appl Ope. K RS (1969),

(8] Cnang (B.J.)and Winiek (K.). SPIE. 215,172 (1980).

(9] SMiTH (H. M.). - « Basic Holographic Principles ». Td.
H M. Smith. Holographic Recordimg Matenals. Springer-
Verlag. New York. 1977

{ Manuscript recenved m October 10, 1983 )

© Masson. Paris. 1984

AL

RISV 0% 1 LU VGRS T S MRS LR LS RSA S LU LS h UL O




SECTION V
Partial Coherence Measurement
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Coherence measurement of a grating-based white-light

optical signal processor

F.T.S. Yy, F. K. Hsuy, and T. H. Chao

c-

A two-beam interference technique for coherence measurement in the Fourier plane of a grating-based
white-ight optical signal provessor is presented,  The visibility meassrement is obtained with a seanning
photometer at the output plane of the processor. ‘The degree of coherence as o function of slit separation,

“due to source sixe, input object. size, and the spotin frequency of the snmpling grating, is plotied. The re-
sults show that the degree of coherence increases as the spatial frequency of the sampling grating increases.
However, this improvement of coherence is somewhat more effective in the direction perpendicular to the
light dispersion. ‘Thus, this white-light signal processing technique is more effective in one dimension.
Since this white-light processor is capable of processing the signal with the entire spectral band of the light
source, it is very suitable for color image processing.

l. Introduction

In the 1930s, work by Van Cittert! and later by Zer-
nike? drew attention to the study of partial coherence.
They have shown that the spatial coherence and the
intensity distribution of the light source form a Fourier
transform relationship. More recently, the work of
Thompson® 5 has demonstrated a two-beam interfer-
ence technique to measure the degree of partial coher-
ence.  He has shown that, under quasi-monochromatic
illumination, the degree of spatial coherence is depen-
dent on the source size and the distance between two
arbitrary points. The degree of temporal coherence is
however dependent on the spectral bandwidth of the
light source. He has also illustrated several coherence
measurements that are consistent with the Van Cittert
mode in the Fourier predictions.

We recently proposed a grating-based white-light
optical signal processor. 8 We have shown that the
white-light processor is capable of processing the in-
formation in complex amplitude like a coherent pro-
cessor, and at the same time it suppresses the coherent
artifact noise like an incoherent processor. In other
words, this white-light processor is operating in a par-

T. H. Chao is with University of Utah, Department of Electrical
Engineering. Salt Lake City, Utah 84111; the other authors are with
Pennsylvania State University, Electrical Engineering Department,
University Park, Pennsylvania 16802,

Received 5 July 1983,

000:3-69:35/84/0200333-08502.00/0,

ic* 1984 Optical Society of America.

tially coherent mode in the Fourier plane as a partially
coherent processor instead of an incoherent pro-
Cessor.

In this paper we shall describe a dual-beam technique
for coherence measurement in the Fourier plane. We
shall show that a high degree of coherence can be ob-
tained in the spatial frequency plane such that the sig-
nal can be processed in complex amplitude for the entire
spectral band of the white-light source, '

il. White-Light Optical Processing Technique

With reference to the schematic diagram of Fig. 1, the
white-light optical processor is similar to that of a co-
herent optical processing system, except for the use of
an extended white-light source, source encoding mask,
signal sampling grating, and achromatic transform
lenses. By the Wolf partial coherence theory,® the
output intensity distribution can be obtained by the
following integrating equations'?;

An -
1wy = 7 fY 7 vtove
) IJ]" .'\'(x" o= -,A‘/ Puva 4 /f) Hioyh)
- I

X expl-i % (xra+ )"ﬁ)]

2
: dudﬁ' dxodywd . m

where y(xq.y0) is the intensity distribution of the source
encoder at the source plane (x¢,vo), S(«,3) is the Fourier
spectrum of the input signal s(x,v), Py is the angular
spatial frequency of the grating, f is the focal length of
the achromatic transform lenses, H («v/3) is the complex
spatial filter in the Fourier plane, A;,A, are the lower

15 January 1984 / Vol. 23, No. 2 / APPLIED OPTICS 333
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Fig. 1. Grating-based white-light optiral signal processor:  y(xo.va),
source encoding mask; L, achromatic transform lenses.

and upper wavelength limits of the light source, and
(«,3) is the spatial coordinate system of the Fourier
plane.

In optical signal processing, a set.of N narrow discrete
spectral band filters H, («,, .3, ) over the rainbow color
of Fourier spectra are used in the Fourier plane. Each
of the spectral band filters is limited by a finite spectral
bandwidth that can be approximated by the following
equation™8:

4
A=282) e ap. @
Po

where Ap is the angular spatial frequency limit of the
input signal in the x direction, pgis the angular spatial
frequency of the sampling grating, and A, is the center
wavelength of the filter H,(«,,8,). Since the narrow
spectral band filtered signals are mutually incoherent,
the output intensity distribution of Eq. (1) can be
written as

N N A \mtAdas2 -
Hx'xV> ¥ Lixy)> © rf F{xa. v

n=t nal o i A\D

e A
. IJJ S(.m + - -,l Poya + ﬁ)“nln.. W)
- r

X exp[—i i—; (x'c + y’ﬂ)]dudﬁ 2dxod,\'od)\. 3)

With reference to Eq. (1) or (3), we see that the
white-light signal processor is indeed capable of pro-
cessing the signal in complex amplitude for the entire
spectral band of the light source, and it is very suitable
for color image processing. From these two equations,
we also see that the degree of coherence is governed hy
the source encoding mask y(xo.yo), the spatial fre-
quency of the sampling grating py, and the spatial fre-
queney limit of the input signal Ap. In other words, the
source encoding function is to improve the degree of
spatial coherence at the input plane and the signal
sampling grating is to increase the degree of temporal
coherence in the Fourier plane, so that the signal pro-
cessing can be carried out in complex amplitude at each
narrow spectral band filter.

1t is not hard to see from Fig. 1 that the signal spec-
trum is dispersed into rainbow color along the «v axis in
the Fourier plane. The improvement of the degree of
coherence is expected to be more effective in the 8 di-

[ Siit

{0} input Pigne b} Fourier Plone

Fig. 2. Vixibility measurement along the g directions: [), input slit
width; d, mean slit separation; Ay, mean wavelength of the light source;
P angular spatinl fregquency of the mnmpling grating.

cessor, we propumse a dual-beam interference technigue
for coherence measurement in the Fourier plane. For
simplicily, we would however measure the degree of
coherence in the 8 and in the o axes independently.

. Cohereance Measurement Technique

We shall now describe a visibility measurement
technique to determine the degree of coherence in the
B direction in the Fourier plane. For simplicity, we
shall utilize a narrow slit as a 1-D object at the input
plane as shown in Fig. 2(a). The complex light distri-
bution in the Fourier plane would be

E(a.B;A) = C[sinc (%?— ﬂ)

. 5(« - —p.,,ﬂ) @

where C represents an appropriate complex constant,
D is the slit width, f is the focal length of the achromatic
transform lens, pq is the angular spatial frequency of the
phase sampling grating, and « denotes the convolution
operation.

Tt is clear that 1. 4 describes a fan-shaped smeared
Fourier spectrum of the input slit, for which the scale
of the sinc factor increases as a function of the wave-
lengLh X of the light source and decreases as the size of
the object D (i.e., slit width) .acreases. To increase the
efficiency of the coherence measurement along the 8
direction, we would use a pair of slanted narrow slits at
the smeared Fourier spectra, as illustrated in Fig. 2(b).
The angle of inclination of this pair of slits should bhe
adjusted with the separation of the slits, such as,

1= tan ! —Fi- . (h)
of

where o is the mean separation of the slits, Ay is the
mean wavelength of the light source, and pg is the an-
gular spatial frequency of the sampling grating. The
filtering function of this pair of slanted slits can he
written as

Had = [ifa - 24+ 3+ & e B T R

The output intensity distribution can be shown as

-

2R

I(x',y") = K[1 + cos(2xdx ")), 7
where K is an appropriate proportionality constant.

rection than in the « direction. In devising a coherence
measurement scheme for this white-light optical pro-

i .
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Y . Z"";P':"“ ' Narrow T'o investigate Lthe degree of coherence variation in
" | rghing ] Syt the « direction, again we insert a narrow slit aperture
T as an input object but parallel to the sampling direction
. R of the sampling grating, as shown in Fig. 3(a). The
b Stop whin smeared Fourier spectra can be shown as
q | y ] 1=
:.' ' : E(wf)) = ninc(l’\? u) o lh(u -J:—: po,ﬂ) . 9)
- I which describes a narrow smeared rainbow color speetra
S along the «axis. For the visibility measurement, a pair
o of narrow slits is inserted at the Fourier plane perpen-
N ‘ _ dicular to the « axis and centered at o = Aofpo/(27), as
; o) Input Plane b) Fourier Plane shown in Fig. 3(b), where A is the center wavelength of

Fig. 3. Visibility mensurement along the o direction: 1, inpat shit the light source and [ is the focal length, The filtering

width: b ahit sepnrntion: e, conter Tocation of the pie of irrow slitss.— funetion of this pair of slits can be written as
Ao, mean wavelength of the light source; po, angular spatial frequency

[RRENE WA W Fa PN
—es e

of the sampling grating. H(af) = 6(a -2 M Pn-ﬂ) + 6(« +2_ A n...ﬁ) Lo
Equation (7) represents an achromatic fringe pattern Lo = - " L
{ P due to this entire spectral band of the light source. where h is the separation hetween the slits. Again with
e 1 Strictly speaking, all practical white-light sources are  the assumption of a square light source, the output in-
"‘:. i. extended sources. For simplicity of illustration, we  tensity distribution can be shown as

assume that an extended square source is used in this

:'.: \ white-light optical processor. Thus the output inten- - , | - ™ - X0 Yo
o sity distribution can be written as ="y fx. ff-. rect (:) rect (:)
N
) - »oeee xo Yo . * ainc |2 M . )
:.. I(x'y') = J:u f.f... rect (:) - rect (;) IJJ‘_. sinc I Y; (a + !o)l » 5(“ P po. B+ ¥o
- - D A L 2
:::'_‘ . . I.[f“ sinc ILX-I_(B + yo)l . 6(« + xp0— 2—:po.ﬂ) -H(a,8) expl—u A—/ (x’a+y ﬂ)]dadﬁ dxodyod\., (11)
or ) 2 where H(«,B) is defined in Eq. (10). From this equa-
*Hlw) expl =i EY2 (x'a+ y'B)| dadB} dxedyod,  (8) tion, again we see that the degree of coherence in the a
- direction is dependent on the source size a, the object
- ) where H(a,B) is given by Eq. (6), size D, and the angular spatial frequency po of the
o rect (X_n) a Il. fxol < a/2, sampling grating.
SO a 0, |xo| > a/2,
Sl and a is the dimension of the extended light source.  IV-  Experimental Results
. From the above equation we see that the visibility (i.e., The optical setup for the measurement of the degree
ot degree of coherence) is dependent on the souree sizea,  of coherence in the Fourier plane of a grating-based
JE the object size D (.., slit width), and the angular spatial — white-light optical processor is shown in Fig. 4. This
: frequency py of the sampling grating. setup utilizes the principle of a dual-beam interference
:.::: , Source
1:\. » Encoding
R ~‘ : Extonded )
o Whie-Light,
Sowce :‘gxl'
- Yo .' L]

R

g

: |\
f Sompling  SHI
Grating
\l\'
f

L ) ;
@ ey

15 January 1984 / Voi. 23, No. 2 / APPLIED OPTICS 5

o

‘..l

3 osc

" .

S

.'N

<. Fig. 4. Optical setup for the coherence measure-
[} ment along the 8 direction: y(xq.vo). source en-
A Uinear Scon coding mask; a, source size; 2, input slit size; L,
=" ! \‘ achromatic transform lenses; H(a,3) pair of slant
- slits; PM, photometer; OSC, oscilloscope.
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technique for coherence measurement. The output
interference fringe pattern can be traced by a linear
scanning photometer and displayed on an oscilloscope
for the visibility measurement. In the experiment, the
photometer is made by mounting a photomultiplier on
the top of a motor-driven linear translator. Sinceit is
a 1-D fringe pattern, a narrow slit can be utilized at the
input end of the photomultiplier for the visibility
measurement, i.e., ’
‘.élrmu_lmm‘ {(12)
Im-'l‘ + Imlﬂ

where e and 1, are the maximum and minimum
intensities of the fringes. Needless tosay that the vis-
ibility of the fringes is in fact a measure of the degree of
coherence measurement B je., V = |y], where ¥y is the
complex degree of coherence.

In the following we shall illustrate the visibility (i.e.,
coherence) measurement in the 3 and « directions in the
Fourier plane.

A. Casel:
Direction

We shall now describe the coherence measurement
in the A direction as illustrated in Fig. 4. We shall show
that the visibility varies as functions of mean separation
d of the pair of slanted slits, source size a, object size D
(i.e., slit width), and spatial frequencies of the sampling
grating. Figure 5 shows the variation of the degree of
coherence as a function of main separation d for various
values of source sizes a.  From this figure we see that
the degree of coherence decreases as the separation d
increases. Further increase in d increases the reap-
pearance of the coherence. Still further increase ind
causes the repeated fluctuation of visibility. In this
figure, we also see that the degree of coherence increases
as the source size a decreases. There is an interesting
phenomenon in this coherence measurement. We see
that as the source size a decreases further, the reap-

Coherence Measurement in the 3
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pearnnee of the visibility is higher,  However the averall
inlensity of the smeanred Fourier spectrn decreases,
T'his phenomenon is primarily due to the finite object
size under a uniform source size illumination.  Fur-
thermore, il the source size a is further increased, for
example, exceeding 1.0 mm in Fig. 5, the decrease in
.oherence due to the source size is not apparent. This
is primarily due to a comparable broader object size D
(e.g., D = 0.6 mm) compared to a narrower sinc factor
derived from source size a. Nevertheless, if the input
slit size further decreases, the changes in degree of co-
herence for large source sizes can be seen.

We shall now provide a set. of output fringe patterns
with a set of normalized scanned photometer traces as
shown in Fig. 6. The fringe patterns of Figs, 6(n) (¢)
were taken at visibilities of 0.88, 0.68, and (.08 that
correspond to the mean separations d = 0.36, (.72, and
LA4 mm al points a, b, and ¢ indicated on the main lobe
of the plota = 0.4 mm in Fig. 5. Figures 6(d) and (e)
were taken on the second lobe of the visibility reap-
pearance that correspond to points d and e in Fig. 5.
The degrees of coherence at these two points are 0.42
and 0.15, respectively. And the corresponding mean slit
separations are 2.16 and 2.52 mm. Figure 6(f) was taken
on the third lobe visibility at point /. The degree of
coherence is 0.3 and the mean slit separation is 2.88
mm.

Let us now investigate the degree of coherence as a
function of mean separation d for various input object
sizes D (i.e., slit width) as plotted in Fig. 7. Again, we
see that the degree of coherence decreases as d increases.
Further increase in d also causes side lobes to reappear.
In this figure we also see that the degree of coherence
increases as ohject size 1) decreases. Finally, Fig. 8
shows the visibility measure as a function of mean
separalion o for two values of sampling grating
frequencies. From this {igure we see that the degree of
coherence is dramatically improved in the Fourier plane
by the insertion of the sampling grating.

B. Casell: Coherence Measurement in the «¢
Direction

At this stage we shall now measure the degree of co-
herence in the « direction in the Fourier plane. The
measurement technique is essentially identical to that
of Fig. 4, except the input ohject is replaced by a pair of
horizontal slits as shown in Fig. 3. In coherence mea-
surement, we centered the pair of slits at the center of
khe smeared Fourier spectra corresponding to A = 5461

Figure 9 shows plots of degree of coherence as a
function of slit separation h for various values of source
sizes a. From this figure we see that the degree of co-
herence decreases as h increases. Further increase in
h again causes the reappearance of the visibility side
lobes. However, the degree of coherence is generally
not affected by the variation of the source sizea. Figure
10 shows a set of the visibility fringe patterns that we
have obtained in the output image plane. This set of
pictures was taken at points a, b, ¢, and d as shown in
Fig. 9. The corresponding degrees of coherence are
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(N was obtained at point £ on the third lobe of Fig. 5.
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0.76, 0.50, 0.14, and 0.05. T'he respective separations
are h = 0.36,0.72, 1.44, and 2.16 mm.

We shall now plot the degree of coherence as a func-
tion of h Tor various values of objeet sizes D (e, slit
widths D) as shown in Fig. 11. From these plots we see
that the degree of coherence decreases as the ohject size
D increnses.  Figure 12 shows the varintion of coherence
due to spatial (requency of the sampling grating as a
function of slit separation h. From this figure we see
that higher degree of coherence is achievable with the
insertion of a high spatial frequency grating in the input
plane.

We shall now briefly discuss the overall effect of co-
herence in the («,f3) spatial frequency plane. By com-
paring the visibility measurement of Figa, b and 9, we
see Lhat the degree of coherence substantially increases
in the 8 direction as the source size decreases. There
is, however, ne significant improvement in the « di-
rection for smaller source sizes. Although both cases
show the increase in coherence for smaller object sizes,
however, the increase in coherence is higher in the 8
direction compared with the « direction, as shown in
Figs. 7and 11. With reference to the plots of Figs. 8 and
12, both cases show significant improvement in the
degree of coherence with the insertion of a sampling
grating. However the improvement in coherence in the
B direction is somewhat higher than in the « direction,

. due primarily to overlapping of the smeared rainhow

Fouricr spectra.

To summarize these observations, we stress that the
grating-based white-light optical signal processor does
improve the degree of coherence in the Fourier plane.
Although the higher degree of coherence is obtainable
in both spatial frequency directions, the coherence
improvement in the 8 direction is generally higher.
Thus, the white-light optical signal processing tech-
nique is generally more effective in the f direction than
in the cedirection. We note that this effect can be seen
in a recent paper on linear motion color image de-
blurring.!!.

V. Conclusion

We have devised a dual-beam interference technique
to measure the degree of coherence in the Fouricr plane

_of a grating-hased white-light optical signal processor.

The effect of coherence variation due to source size,
input object size, and the spatial frequency of the
sampling grating is plotted as a function of distance in
the £ and o directions of the Fourier plane. We have
shown that the degree of coherence increases s the
spatial frequency of the sampling grating increases.
Although the improvement in degree of coherence in the
Fourier plane is quite evident, the improvement in the
B direction (i.e., the direction perpendicular to the light
dispersion) is somewhat more effective than in the a
direction. The results indicate that this white-light
optical signal processing technique is somewhat more
effective in the B direction than in the « direction.
Nevertheless the existence of the high degree of coher-
ence in the Fourier plane allows us to process the in-

NN e
;.'fa..A. o "-f'.';;. OV AN '“ﬂ'.h '4 r_n .A\..::'.L

RN,




I

Fig. 10, Samples of fringe visibility patterns,  The upper portion of (0 () shows fringe visibility pntterus; the kower portion shows the cor-
respunding intensity profiles. (a) and (b) were obtained at points a and b on the first lobe of Fig. 9. (¢) was obtained at point ¢ on the second
lohe of Fig. 9, and (d) was obtained at point. d on the third lobe of Fig, 9.
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NG formation in complex amplitude rather than in inten-
LG sity. And the white-light processing technique is very
'\- : suitable for color signal processing,
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SECTION VI

Restoration of OQut-of-Focused Color Image
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restoration technique to two-dimensional image de-
blurring. We shall utilize a whitelight.source for the
restoration of the out-of-focused color photograph
jmages. The proposed color image restoration tech-
nique includes three primary color sensitive inverse
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i RESTORATION OF OUT-OF-FOCUSED COLOR PHOTOGRAPHIC IMAGES
u XJ. LU and F.TS. YU
e ‘ Electrical Engincering Department, The Pennsylvania State University,
.-_\_.‘ ? University Park, PA 16802, USA ‘
-‘.\V-
o Reccived 14 March 1983
I.'.r-':l ‘ )
A mcthod of deconvoluting thé defocuscd color photographic images utilizing a whitelight processing is described. In
':._' 1 the white-light processing, a diffraction grating is uscd to provide thrce primary color light sources for the color image
;‘.'.'. ‘ restoration. Three complex inverse filters, for cach primary color, are used in the Fourier transform planc. Experimental
t_._‘-‘ demonstrations of the color image restoration of defocused photographic images are given.
| SR
SR
‘ 1. Introduction 2. Defocused color image restoration
Restoration of blurred photographic images has With reference to the optical processor of fig, 1,
long heen an interesting application in optical signal there are three primary color point sources derived
processing [1-8). We have in previous papers [9-12] from a white-light source. The intensity distribution
presented a white-light processing technique fos lin- of these three primary color point sources can be
early smeared image deblurring. We have shown that represcnted by the following cquation
the white-light image deblurring technique is capable R
g1 naB B CChIIQUe 18 Gapah I, B: N) = Ky cir| (a2 +B2)V2/d, |
of suppressing the coherent artifact noise and is suit-
able for color mage deblusring, However the results
. N : + Ky cir((a + Mg fpyy)? + B2
that we had obtaincd were primarily restricted to K cirld( RSP+ 85 Ehdg |
blussed due to Hocar motion, . )
X T + K cirl((a - 2481244, ,
In this paper, we shall extend the white-light image G cirlla— A fro)* + 6%)'% ;] M

where cir] X] £ 1, 1X1 € 1, and 0 otherwise; (a, B) is
the spatial coordinate system of plane Py py, is the

. spatial frequency of the diffvaction grating, 7(x)./

is the focal length of the achromatic transform lens,
Kg,Kg, K¢ are the proportional constants, dg, dp ,

. filters, as shown in fig. 1. In this figure, a high diffrac-

' tion efficient grating is used at plane Py; 1o produce
three orders of smeared color spectra at the back

. focal plane Py, . Three pinholes (one with a blue filter)
are psoperly placed over this set of spectral lights, to
producc thsee primary color point sources (i.c., spat-
ially small) at plane P, . In the Fourier transform

d¢; are diameters of the pinholes, and Xy A, Ag

are the center wavelengths of the blue, red, green spec-
tral bands of the light sources, respectively. For red
and green point sources, the center wavelength of
cacli spectral band would be

A=affpg @)

A
LY

plane P,, three color sensitive inverse filters are used which is determined by the position of the pinhole
e for the restoration, and the deblurred color images at o axis. The corresponding spectral bandwidth AA
t-:._- can be seen at the output plane of the optical proces- of the point sources can be written as
:h:‘. f0r.
._. 278 0 030-4918/83/0000-0000/$ 03.00 © 1983 North-Holland
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S(o, Ap). f(p, AR), inverse lilters for green, blue, red light.

Al = Aa/j))(, =diipy . 3)

where d is the diameter of the pinholes.

We note that the complex degree of coherence pro-
duced by the color point sources at the input plane P,
of the processor is [13] '

_Uy(nd,ry,)

s n=RG.B, (4)

Hp exp(i2ng, x),
where J| is the first-order Bessel function, r, =

(/A N(x2 + 322 and ¢, =0, Az py.and Ag P,
for the blue, red, and green color point sources, re-
spectively. Since the transform lens Ly is achromatic,
the spatial coherence length produced by a circular
point source would be

R =AM, (5)

where K is a proportionality constant, and K = 1.22
if the spatial coherence length R is defincd as the dis-

vgw ———— iy A e A LM s i S o A in ARt Ul S e ‘\‘W“
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a Filter Plane

Fig. 1. A whitedight optical processor for out-of-focused color image deblurring. T, white-light source, T(x);: ditfraction grating,
R, B. G:red, blue, and green color sources, ${x,¥): out-of-focused color image, L; achromatic transform lenses, f(p, AG),

tance in which the degree of coherence p drops from
unit to first zero value. If R is defined from a drop of
12% from the unit degree of coherence, then K = 0.32.
With reference to eqs. (3) and (5), we note that

R =K)\ANp, . )

Thus to maintain the same spatial coherence length
and the same spectral bandwidth, different spatial fre-
quency p, of the grating should be used. However,
with the use of multi-grating frequency, it would re-
duce to available power of the light source for the
processing. Nevertheless this problem can be alleviated
by using a single diffraction grating at Py, and differ-
ent sizes of pinholes at Py, plane. In this manner the
same spatial coherence length can be obtained by sim-
ply varying the size of the pinholes of the primary
color sources. As a numerical examplc; we tabulate
the requirement of the size of the pinholes, spatial
coherence lengths, and the spectral bandwidths of the
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Tabic 1
Relationship of size, spectral bandwidth and spatial coherence
Iength of three color sources.

A (A) d (um) AX(A) K R (mm)
6300 400 290 0.32 0.18
red . 1.22 0.7
200 140 032 035
1.22 135
§500 400 290 .32 0.4s
green 1.22 (.59
170 120 0.32 036
- 122 138
4300 400 500 032 032
blue 122 046
140 500 0.32 0.34
1.22 131

Note: X = 500 A for blue wavelength A = 4300 A is limited
b_y Kodak 47B filter.

sourcces, in table 1. If the pinholes for red and green
sources are of the same diameter, e.g.,dg = dg = 400
um, the spectral bandwidths would be AX = 290 A.
On the other hand, if the three pinhole diameters are
different, e.g., dg =200 um,dg; =170 pm, and dyy =
140 um, coherence fengths obtained would be similar,
i.e., 1.35 mm (red), 1.38 mm (green), and 1.31 mm
(blue).

In filter synthesis, we note that the inverse fitter
function tor the restoration of out-of-focus image,
for each primary color wavelength, should be

nap 1
! = — S NILI,
| fen= | Hmm ' %)
], otherwise ,

where a is the diameter of the defocused point spread
function, p = (1/A)(a? + $2)1/2, and m is a constant
of the order of 10 to 102, The meaning of m is that
the finite filter in dynamic range can be madc in phys-
ical sense becanse J, (map) has an infinite munber of
zeros [1]. Needless to say that eq. (7) can also be
written as

N =1f(p. N)icif

Thus an inverse filter can be synthesized by the com-
bination of an amplitude and a phase filter. The am-
plitude filter can be synthesized by recording an am-
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plitude spectrum of a circular aperture of a given diam-
cter using a lle-Ne laser. Since the scale of the spec-

“trum is proportional to the wavelength, the diameter

of the circular aperture should be properly fitted
with the color wavelength. In other words, the diam-
cter for the red amplitude filter should be smatler
than the green amplitude filter, and the diameter for
the green filter should be smaller than the blue. For
example, if the diameter of the circular aperture for
red lightis tuken equal to 0.5 mm, then the diameter
of the aperture for the green should be 0.8 nwm, and
the diameter for tlie blue light should be 0.74 mm. In
amplitude filter synthesis, it is necessary to control
the gamma of the recording plate equal to 1 to obtain
the required amplitude transmittance.

In phase filter synthesis, we see that, the filter is
primarily composed of a sct of #-phase circular con-
centric rings, as shown in fig. 2. The diameters of the
rings are determined by the primary color wavelength
and the size of the defocused point spread function.
A simple technique of producing the phase filter is
a bleaching method |14]. A black-and-white ring pat-
tern, corresponding to the m-phase zone of the phase
filter, is recorded on a high-contrast film. The recorded
binary ring pattern is uscd as a mask to reproduce a
number of gray-level rings on a low-contrast photo- -
graphic plate. If the recorded plate is bleached, a set
of deblurring phase filters can be obtained. To search
for a m-phase filter for a given wavelength, one can

— T phose delay

Tn = EIRY 1A

where Ji(Tx; ) =0, 1=12.3.4,

An=™ Ani6300R), Agissookr,
Agl43004,,

Q w0 5um , t= 3508w,

Fig. 2. A n-phasc concentric rings for a deblurring phasc filter,

34




RECRR PO L COC PR PLPE UL TR SARCL LLOL YEAL LAttt M S A

. aems

Volume 46, number 5.6

utilize the contrast-reverse method or by observing
the intensity ratio of the main peak and the sccond
peak of a processed point spread function.

In this manner, a sct of deblurring filters suitable
for the three primary color wavelengths can be ob-
taincd. The primary color inverse filter functions can
be described as

nap, i
Mynap,) m

flpy. N)= n=R,G,B, (8)

wlicre

P s UARNU@+ Mg pg)? +B)2 L Tor hg
(NN - Agpg) +8)12, fordg

(/g N2 +HY2 | forhy .

The three inverse filters are placed in the Fourier plane
P, of the processor, their positions should be adjusted
properly, such that a = —Ag fpg, B = 0 for red sensitive
inverse filter, a= A py. 8= 0 for green, and oo = 0,

8 =0 for blue.

3. Experimental results

In our experiment, a 75 W xenon are lamp with a
500 um pinhole is used as the white-light source 1.
A phase giating of 40 Umm is placed at plane Py,
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and three pinholes of 200 um, 170 um, and 150
um, for the red, preen, and hlue spectral bands are
used at plane P, The center wavelength for the
red spectral band is 6300 A, 500 A for the green,
and 4300 A for the bluc. Since we utilize the zero-
order spectra for the blue color source, 3 Kodak 47B
blue color filter is used to cover the pinhole. The
spectial bandwidths of these primay color somces
arc: 140 A for (he red, 120 A for the green, and
SO A fin the hine, Needieas 1o siay thad the intensi.
tics of these three primary color sources can be ad-
justed by a set of nentral density filters for color
balance,

For the first experimental demonstration, we used
a circular aperture of about 0.5 mm in diameter as '
a defocussed point spread function, as shown in fig.
3a. Fig. 3b shows the restored image of fig. 3a ob-

" tained with this polychromatic restoration technique.

From this figure, we sec that, the deblurred point
spread function mainly consists of a high intensity
center peak, as the deMurred image, and a weak cir-
cular ring image, which is primarily due to the finite
extent of the deblurring filters, In our experiment the
deblurring filters are limited to about four lopes, and
the greatest density of the amplitude filter is about
2t02.5D.

From the result of fig. 3b, we also see that there
is a slight color dispersion at two edges of the center
restored peak Image. We note that, the dispeision is

Fig. 3. Restoration of a defocused point spread function. a) A transparent circular disk as a defocused point spread function.
b) A black-and-white picture of the deblurred point spread-function.
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4" -
t.

Fig. 4. A electronic scanned image of fig. 3b.

: primarily due to the chromatic aberration of the
! transformn lenses, which can be eliminated by using
higher quadity achromatic transform lenses. Fig. 4
shows an electronic scanned image of the result of
i fig. 3b. From this figure, we see that the intensity of
' the center peak is much higher than that of the first-
order ring.
We now provide a second cxperimentat demonstra-
tion for three overlapping primary color disks, as
shown in fig. Sa. The size of these primary color disks

.
—y—om

Fig. S. Restoration of three defocused color point spread func-
tions. a) A black-and-white photograph of three overlapping
primary color disks as the color defocused point spread func-
tions. b) A black-and-white photograph of the corresponding

i deblurred point spread functions.
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are about 0.5 mm inn diameter, If the color transparen-
cy of fig. 5a is inserted at the input plane of the pro-
posed deblurring processor of fig. 1, the Testored color
point images can be obtained, as shown in fig. 5b.
From this figure we sce that the color of the restored
images are very faithful. lHowever there is a slight re-
placement of the deblusred color point image, which
is primarily duc to the chromatic aberration of the
transfonn lenses,

As a final experimental result, {ig. 6a shows two
blurred color words (i.e., “Color Image™) as an input
blurred image. The conesponding deblusied color

image obtaincd with this deblurring technigue is shown

in fig. 6b. From this deblurred color image, again we
see that the color reproduction is rather faithful and
the quality of the deblurred image is quite impressive.
Since the color image deblurring is obtained with three

Fig. 6. Color image restoration of defocused color words
“Color Image". a) A black-and-white photograph of the de-
focused color words. b) A bluck-and-white photograph of the
corresponding deblurred color image.
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relatively temporally broad and spatially large prima-
ry color light sources, the finger print like structure -
coherent artifact noise is eliminated, as can be seen
from figs. 3b, 5b, and 6b.

4. Summary

We have shown that the color image restoration for
out-of-focused photographic images can be obtained
by a white-light processing technique. This technique
uses a diffraction grating to generate three diffraction
orders, so that three relatively spectrally broad and
spatially large primary color sources can be derived
from these diffractions. Since the temporal and spat-
ial colicrence sequirements for the image deblurring
are determined by the spectral bandwidth and the
spatial size of the primary color sources, the three
primary color partially coherent sources can be ob-
tained by this proposed technique. The advantage of
the technique is that one can adjust the degree of the
temporal and spatial coherence of each primary color
source by simply changing its diameter. By utilizing
these primary color sources, an out-of-focused blurred
color photographic image can be restored by a set of
color sensitive inverse lilters. And good deblurred color
images have been obtained with pinhole sizes as lurge
as 400 um. To alleviate the low diffraction efficiency
of the holographic inverse filters, the filter synthesis
are obtained by the combination of non-absorptive
phase filters and absorptive amplitude filters. The phase
filters are obtained with a bleaching technique, while
the amplitude filters are obtained by intensity expo-
sure,
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In view of the experimental results, we see that the
resolved color images offer a reasonably good deblurred
image quality and the colors are faithfully reproduced.
Since the primary color light sources are spectrally and
spatially broad, the coherent artifact noise is substan-
tially suppressed. Although there is some degree of
chromatic aberration, it can be alleviated by utilizing
higher quality achromatic transform lenses.

We acknowledge the support of the U.S. Air Force |
Office of Scientific Research Grant AFOSR-81-0148.
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SOURCE ENCODING, SIGNAL SAMPLING
AND SPECTRAL BAND FILTERING
FOR PARTIALLY COHERENT OPTICAL SIGNAL

PROCESSING

F. T.S. YU

SUMMARY : Relations between coherence requirement, spectral
filtering. signal sampling. and source encoding are discussed. Since
the spatial coherence reguirement is determined by the signal pro-
cessing operation. i strict spatial coherence is usually not required.
The advantage of the source encoding is to relax the constraints
of a physical light source so that the signal processing can be carricd
out with an extended incoherent source. The cffect of signal sampling
is to improve the temporal coherence requirement at the Fourier
plane so that the spatial filtering can be carried out with partially
coherence mode. The objective of broad spectral band filtering is
to carry out the signal processing over the entire spectral band of
the light source so that the coherent noise can be climinated. Since
the partially coherent optical processor utilizes a broad spectral
band white-light source. it is particularly suitable for color signal
processing. Experimental demonstrations for the source encoding.
signal sampling and spectral band filtcring arc included.

Morts CLEs KEY WORDS

Traitcment optique
Cohérence

Optical processing
Cohcrence

Traitement optique en éclairage particllement cohérent
en modulant Ia source et le signal
et en filtrant le spectre du signal

RESUME : On discute des relations entre la cohérence, le filtrage.
I'échantillonnage du signal et la modulation de la source. Puisque
le degré de cohérence spatiale est déterming par Ie traitement de
Fimage. une parfaite cohérence spatiale n'est, en général, pas néees-
saire. L'avantage de moduler la source cst de permetire de traiter
Fimage avee unc source élendue incohérente. L'effet d'échantil-
lonner I'image est d’améliorer la cohérence temporelle dans le plan
de Fourier de facon que le filtrage puisse s'effectuer en lumiére
partiellement cohérente temporellement. L utilisation d’'un domaine
spectral large a pour but de réduire fe bruit di & la cohérence
spatiale de I'éclairage. Enfin, puisque un dispositif de traitement
d'image cn lumiére particllement cohérente utilise unc source de
tlumiére blanche, it parait particulicrement bicn adapté au traite-
ment des images en couvleurs. On présente des expériences mon-
trant I'avantage de moduler la source ¢t d'échantillonner I'image
lorsqu'on utilisc une source étendue de lumiére blanche.

INTRODUCTION

Since the invention of laser (i.c., a strong coherent
source) laser has become a fushionable tool for many
scientific applications particularly as applied to cohe-
rent optical signal processing However coherent
optical signal processing systems are plagued with
coherent noises. which frequently limit their process-
ing capability. As noted by the late Gabor, the Nobel
prize winner:in physics in 1970 for his invention of
holography. the coherent noise is the number one
enemy of the Modern Optical Signal Processing [1).
Asidc the coherent noise. the coherent sources are
usually expensive. and the coherent processing cnvi-

ronments are very stringent. For cxample, heavy
optical benches and dust free environments are gene-
rally required.

Recently, we have looked at the ortical processing
from a different standpoint. A quce..ou arises, is it
necessarily true that all optical signal processing
required a coherent source ? The answer to this
question is that there arec many optical signal pro-
cessings that can be carried out by a white-light
source {2]. The advantages of the proposed white-
light signal processing technique are : 1. It is capable
of suppressing the coherent noise; 2. White-light
sources arc usually inexpensive: 3. The processing
cnvironments arc not critical ; 4. The: white-light sys-




N
!-;\‘}

LA
LA
N R0,
LS

AR

174 F.T.S. Yu

tem is relatively easy and cconomical to maintain; -

and S The white-light processor is pnrlicul-u'ly sui-
table for color image processing ~ -

One question that the reader may ask, since the
whitc-light system offers all these glamorous merits,
why it has been ignored for so long ? ‘The answer to
this question is that, it was a general acceptance that
an incoherent source cannot process the signal in
complex amplitude. However, nonc of the practical
sources are strictly incoherent, even a white-light
source. In fact, we were able to utilize the partial
coherence of a whitc-light source to perform the
complex amplitude processing. The proposed white-
light processor. on onc hand itis capable of suppressing
the coherent noise like an incoherent processor, on
the other hand it is capable of processing the signal
in complex amplitude like a coherent processor.

There is however a’hasic diffcrent approach toward
a coherent and a white-light processor. In coherent

processing, virtually no one seems to care about the .

coherence requirements, since the laser provides a
strong coherent source. However, in white-light pro-
cessing. the knowledge of the coherence requirement
is usually needed.

In white-light processing we would approach the
problem backward. First, we should know what is the
processing operation we wish to perform : Isita 1-D
or 2-D processing ? Is the signal filtering a point or
point-pair concept ? What is the spatial bandwidth
of the signal ? etc. Then with these knowledges. we
would be able to cvaluate the coherence requirements
at the Fourier and at the input planes. From the eva-
luated results, we would be able to design a signal
sampling function and a source encoding function
to obtain these requirements. The objective of using
a signal sampling function is to achicve a high degree
of tcmporal coherence in Fourier plane so that the
signal can be processing in complex amplitude, for
the entire spectral band of a white-light source. And
for the source encoding is to alleviate the constraint
of an extended white- Iight source.

In the following sections, we shall discuss in detail
the source encoding. signal sampling and spatial band
filtering as applicd to a partially cohcrent optical
(c.g., whitc-light) signal processing,

PARTIALLY COHERENT OPTICAL SIGNAL
PROCESSING

We shall now deseribe an optical signal processing
technigue that can be carricd out by a broad band
white-light source. as illustrated in figure 1. The
whitc-light signal processing system is similar to that
of & coherent system, exeept the use of a white-light
source. source encoding mask, signal sampling grating,
multispectral filters and achromatic transform lenses.
For example, if we place a signal transparency s(x, »)
in contact with a sampling phase grating. the complex
light field for every wavelength 4 behind the achro-
matic transform lens L, would bec

E(p.q.2) = J.I s(x. v) exp(ipgy x) x

x exp[ = i(px + g]dxdy = S(p = po. ). (1)
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where the integral is over the spatial domain of the
input plance Py, (p. @) denotes the angular spatial
frequency coordinate system, p, is the angular spatial
frequency of the sampling phasc grating. and S(p. q)
is the Fouricr spectrum of s(x, 3). Il we write Eq. (1)
in the form of fincar spatial coordinate system (a, ff),
we have

y
E(a,ﬁ;u~=s(a-ﬁpo./f). @

where p 2 Qn/if)a, q 2 2/l P, and f is the
focal length of the achromatic transform lens. Thus,
we see that the Fourier spectric would disperse into
rainbow color along the « axis. and each Fourier
spectrum for a given wavelength 2 is centered at
a« + (Af]2 =) po.

FIG. 1. — A white-light optical signal processor.

In signal filtcring, we assumc that a scquence of
complex spatial filters for various A, are available.
ie. H(p,. q,). where p,=Q2 /1, «, q,=(2 r/%, ) B.
In practice, all the processing signals are spatial fre-
quency limited, the spatial bandwidth of cach spectral
band filter H(p,. q,) is also bandlimited. such as

H(p,, a0 = { H(p,, d4n) +

where a, 2 (1, 12 7) (p, + Ap) and &, = (4, f12 n) x
(Po — Ap) are the upper and the lower spatial limits
of H(p,. q,). and Ap is the spatial bandwidth of the
input signal s(x, y).

The limiting wavclengths of cach H(p,, g,) can be
writlen as

o, <o<ua,,

3
0. otherwise, 3

_ g Pt Ap ) _ Po — Ap
A, =12, m. and 4, = 4, m 4)
The spectral bandwidth of H(p,. 4,) is therefore,
4A
Al dpoAr _4Ar 5)

TR =@ e

If we place this sct of spectral band filters side-by-
sidc positioned over the smeared Fourier spectra, then
the intensity distribution of the output light ficld can
b* shown as.

N
I, y) = 3 A4 | stx, yi A) « hix. pi 4) |2,
ne

where A(x, y: 4) is the spatial impulse response of

N, 0V, PG 1%, 1 8, PR T PO G TR NI O L, £h LY



- ——

RO A
R Y T T T B

[«

e

Ny

i

e 79
.

crevesm
'

oJ. Opites (Paris), 1983, vol. 4. " 4

H(p,. q,) and = denotes the convolition operation.
Thus, the proposed white-light signal processor is
capable of processing the signal in complex amplitude.
Since the output intensity is the sum of the mutually
incoherenmt marrow band irradiances, the annoying
coherent noise can be ¢liminated. Furthermore, the
white-light source contains all the color wavelengths,
the proposcd sysiem is particularly suitable for color
signal processing.

SPECTRAL BAND FILTERING, SIGNAL
SAMPLING AND SOURCE ENCODING

We have mentioned carlier for white-light or par-
tially coherent processing. we would approach the
problem in backward manner. For example, if signal
filtering is two-dimensional (e.g.. 2-D corrclation ope-
ration), we would synthesize a sct of narrow spectral
band filters for each 2, for the entire smeared Fourier
spectra. as illustrated in figure 2(a). On the other
hand, if the signal filtering is one-dimensional (e.g.,
deblurring due to linear motion), a broadband fan-
shape spatial filter. to accomodate the scale variation
due to wavelength. can be utilized as illustrated in
figure 2(b). Since the filtering is taken place with the

a
a
Hl(p|oQ|)
1 Holpo,ap
. .
[ [ ]
C—" Hnlpnan
g~
b a
I
Hiq)
VIOLET
3 -

Fii. 2. — (a) A mwdii speciral-band filter. (b)Y A fun-shape filter.
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entire spectral band of the light source, the coherent
noise can be suppressed and the white-light processing
technique is very suitable for colour image processing,

There is. however, a temporal cohcrence require-

- ment imposed upon the signal filtering in Fourier

planc. Since the scale of the Fourier spectrum varies
with wavelength. a temporal coherence refjuirement
should be imposed on cach spatial filter at the Fourier
plane. Thus, the spectral spread over each filter

H(p,. q,) is imposed by the tecmporal cohercnce requi-
rement, i.e.,

A}, 4Ap

T =T, <. 7
From this requirement. a high degree of temporal
coherence is achievable in the Fourier plane by simply
incrcasing the spatial frequency of the sampling grat-
ing. Nceedless to say that the same temporal coherence
requirement of Eq. (7) can also be applied for a
broadband fan-shape filter.

There is also a spatial cohcrence requirement
imposed at the input plane of the white-light processor.
With reference to the Woll's [3] partial coherence
theory {3). the spatial coherence function at the input
planc can be shown [4).

'x —x') = ”' ¥(Xo) exp[i 2n ;—}(x - x’)] dx, .
(8)

where y(x,) denotes the intensity distribution of the
source encoding function.

From the above equatioii. we sce that the spatial
coherence and source encoding functions form a
Fourier transform pair, i.e..

1xo) = F[I(x — x1]. )
and
Fr(x —x) =F"'[vx,)]. (10)

where F denotes the Fourier transformation. This
Fourier transform pair implies that if a spatial cohe-
rence function is given then the source encoding
function can be evaluated through. the Fourier trans-
formation and vice versa. We note that source encoding
function can consist of apertures of any shape or
complicated gray scale transparency. However the
source encoding flunction is only limited Lo positive
real quantity which is restricted by the folowing
physical realizable condition :

0<7y(x,)<I. (tn

In white-light processing. we would scarch for a
reduced spatial coherence requirement for the pro-
cessing operation, With reference 1o this reduced
spatial coherence function, a source encoding func-
tion that satisfied the physical realizability condition
can be obtained. One of the basic objectives of the
source encoding is to alleviate the constraint of a
white-light source. Furthermore the source encoding
also improves the utilization of the light power such
that the optical processing can be carried out by an
extended source.
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HiG. 3. - A white-light image subtraction processor, 1(x) . phuse

grating. Ly ; imuge lens, Lo collimated lens, Ly and L, ; achromatic

transform: lenses, y(v). sowrce encoding muask, G ; fun-shape dif-
Jraction grating.

We shall now illustrate an application of the source
encoding, signal sampling and filtering for a white-
light signal processing. Let us now consider a poly-
chromatic image subtraction {S} The image sub-
traction of Lee [6] that we would consider is essentially
a onc-dimensional processing operation, in which a
1-D fan-shape diffraction grating should be utilized,
as illustrated in figure 3. We note that the fan-shape
grating (i.e.. filter) is imposed by the temporal cohe-
rence condition of Eq. (7). Since the image subtraction
is a point-pair processing operation, a strictly broad
.spatial coherence function at the input plane is not
required. In other words, if onc maintains the spatial
coherence between the corresponding image points
to be subtracted at the input plane, then the subtrac-
tion operation can be carried out at the output image
planc. Thus instead of using a strictly broad spatial
coherence function. a reduced spatial coherence func-
tion may be utilized, such as

F(y = v) = 8(y = ¥ — hg) + 8y — ¥ + hy). (12)

where 2 /iy is the main separation between the two
input color transparencies. The source encoding func-
tion can therelore be evaluated by through the Fourier
transform of Eq. (9). such as

2 nl
$(ve) = 2 cos (—;’;—0- y(,) . (13)

Unfortunately Eq. (13) is a bipolar function which is
not physically realizable. To cnsurc a physically
realizable source encoding function, we Ict a reduced
spatial coherence function with the required point-
pair coherence characteristic be [7).

'y -yl =

. (Nn .
sin (T [y~ I) w
- o sinc(,——‘-ll,v -y I). (14)

. n . lo
Nsm(hol,t 3 |)

PREAFRRTST) X O S AR SR RTIT Y, LA AP WIS S AL ¥

o b2
* )
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where N> 1 a positive integer, and w < d. g, (14)
represents & sequence of narrow pulses which oceur
atevery {y — ¥'{ = nh,. where i is a positive integer,
and their peak values arc weighted by a broader sine
factor, as shown in figure 4(a). Thus, a high degree
of spatial coherence can be achieved at every point-
pair between the two input color transparencies. By
taking the Fouricr transformation of the reduced
spatial coherence function of Eq. (14), the correspond-
ing source encoding function is

N » — nd
Wyl =Y rcctu——"—‘—'. (15)
a-1

w

wherce w is the slit width, d = (3f]h,) is the separation
between the slits, and N is the number of the slits,
Since y( v 1) is a positive real function which satisfies
the constraint of Eq. (11), the proposcd source encod-
ing function of Eq. (15) is physically realizable.

In view of Eq. (15). we also note that, the separation
of slit d is linearly proportional of the A The source
encoding is a fan-shape typc function, as shown in
Jigure 4(h). To obtain lines of rainbow color spectral
light source for the signal processing. we would utilize
a linear extended white-light source with a dispersive
phase grating. as illustrated in figure 3. Thus with

Tty-y1

A

mc(:.—:(y-y‘)l

a ) . . — the—{

“violet

4 -

FIG. 4. — () A spativl coherence funcrion. (B A source encoding
nunsk .

b




G, 5. - (a) A4 blurred color image. (b) A deblurred color image.

¢ ]

Fi1G. 6. -- (a) and (b). Pictures of the inpur color objects. (€) The subtacted color image.
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appropriate source encoding, signal sampling and fil-
tlermg, color ige subliction operaion e be
obtained at the output plane. We stress again, the
basic advantage of source cncoding is to alleviate the
constraint of strict spatial coherence  requirement
imposed upon the optical signal processor. The source
encoding also offers the advantage of efficient utili-
zation of the light power.

EXPERIMENTAL DEMONSTRATIONS

We shall now provide a couple of experimental
results obtiined with the source encoding, signal
sampling and spectral band filtering technique for
white-light and extended incoherent courses, We
shall first show the result oblained for color image
deblurring duc 1o lincar motion - with the white-
light processing technigue. Since lincar motion deblur-
ring is a 1-D processing operition and the inverse
filtering is o point-by-point Hltering coneept such
that the operation is taking place on the smearing
length of the blurred image. Thus the deblurring
filter (i.c.. inverse filter) is a fan-shape type spatial
flter 18] and the temporal coherence requirement
is inposed by Lg. (7). The spatial coherence require-
ment is dependent upon the smearing length. A source
encoding function of a narrow slit width (dependent
upon the smearing) perpendicular to the smearing
length is utilized. Figure 5(a) shows a color picture
of a blurred image due to linear motion of a F-16
fighter planc. The body of this fighter planc is painted
in navy bluc-and-white colors, the wings are mostly
painted in red. the tail is navy bluc-and-white. and the
ground terrain is penerally bluish color. From this
figure, we see that the planc is badly blurred.
Figure 5(h) shows the color image deblurring result
that we obtained with the proposed  white-fight
deblurring technique. From this deblurred result,
the letiers and overall shape of the entire airplane
are more distinctive than the blurred one. Further-
more the river, the highways, and the forestry of the
ground terrain are far niore visible. We note that
the color reproduction of the deblurred image is
spectacularly faithful. and coherent artifact noisc is
virtually non-existed. There is. however. some degree
of color blur and color deviation, which are primarily
duc to the chromatic aberration and the anti-reflee-
tance coating of the transform lenses. Neverthe-
less, these drawbhacks can be overcome by utilizing
good gquality achionitic tansform lenses,

Let us now provide a color image subtraction
utilized by the source encoding technigue with
extended incoherent sources as described in previous
sections. Figure 6(u) and 6(h) show two color
image transparencics of a parking lot as input color
objects. Figure 6(¢) shows the color subtracted
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image obtained by the source encoding technique
with extended incoherent sonree. I this figure,
the profile of a (red) subcompiret car can be seen at
the output image plane. The shadow and the parking
line (in ycllow color) can also be readily identified.
We however note that, this color image subtraction
result is obtained by two narrow band extended
incohcrent  sources. Exiention toward the entire
spectral band ol a white-light source is currently
under investigation.

CONCLUSION

In conclusion we would point out that the advantage
of source cncoding is (o provide an appropriate
spatial coherence function at the input pline so that
the signal processing can be carricd out by an extended
incoherent source, The ceffect of the signal sampling
is to achicve the temporal coherence requircment
at the Fourier planc so that the signal can be processed
in complex amplitude. I the Rltering operation is
two-dimensional, a multi-spectral-band  2-D filters
should be utilized. If the filtering operation is one-
dimensional, a fan-shape Glter can he used.

In short, one should carry out the processing
requirements backward for a partially cohcrent or
white-light processing. With these processing require-
ments (c.g.. opcration. temporal and spatial coherence
requirements), multi-spectral-band or fan-shape filter,
signal sampling function, and source encoding mask
can be synthesized. Thus the signal processing can
be carried out in complex amplitude over the whole-
spectral band of an extended white-light source.

We acknowledge the support of the U.S. Air Foree
Office of Scientific Research Grant AFOSR-81-0148.
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SECTION VIII

Advances in White-Light Signal Processing
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?iﬁ SUMMARY

< A technique that permits signal processing operations to be carried out by

!E; vhite-light source is described. This method is capable of performing sipgnal proc-
A essing that obeys the concept of coherent light rather than incolcerent optica.  Since
:f: the white=1{pht source contains all the color wavelenpths of the visible tight, the
e technique is very suitable for color signal processing. Some of fLs recent advances
:Q:} in white-light signal processing will be illustrated. :

s . _

. INTRODUCT 10N .

The use of coherent light enables optical systems to carry out many sophisti-
cated information processing operations (ref. 1). However, coherent optical proc-
essing systems are plagued with coherent artifact noise, which freouently limits
their processing capability. Although many optical information processing operations
can be implemented by systems that use incoherent light (refs. 2-5), there are other
severe drawbacks. The incoherent processing system Is capable of reducing the inev-
{table artifact noise, but it generally Introduces a dc~bias buildup problem, which
tesults in poor noise performance. Techniques have been developed for coherent
operation with light of reduced coherence (refs. 6,7); however, these tectniaues
also possess severe limitations.

Attempts at reducing the temporal coherence requirements on the light source in
optical Information processing fall into two general catepories: one, the use of
incoherent instead of coherent optical processing has been pursucd by Lowenthal and
Chavel (ref. 8) and Lohmann (ref. 9), among others. The other, the reduction of
coherence while still operating in the linear-in-amplitude, has been pursued by
Leith and Roth (ref. 10) and by Morris and George (ref. 1l).

Since the invention of laser (i.e., a strong coherent source), it has become
a fashionable tool for many scientific applications particularly as applied to
coherent optical signal processing. lowever coherent optical sipnal processinp
systems are plapucd with coherent noises, which frequently limit their processing
capability. As noted by the late Gabor, the Nobel prize winner in physics in 1970
for his invention of holography, the coherent nofse is the number one encmy of the
Modern Optical Signal Proceaning (ref. 12). Anlde Crom the coherent noine, the
ecoherent sources arc wsually expenalve, and the coherent processing environments
are very stringent. lor example, heavy optical benches and dust free environments
are gencrally required.

Recently, we have looked at the optical processing from a different standpoint.
A question arises, is it necessarily true that all optical signal processing required

*This research is supported in part by the Air Force Office of Scientific Research.
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o coherent nource?  The answer to thin question Is that there are many optical

glpnal processings that can be carrled out by a white=tght sonree (ref. 13). The
advantages of the proposcd white=1ight sipnal processing teclmique are: 1. It is
capable of suppressing the colicrent noise; 2. White-light source is usually

inexpenslve; 3. The processing environment is not very demanding; 4.
lipght system is relatively casy and cconomical to malntatin; and 5.
processor 1s particularly suitable for color image processing.

The white-
The white-1light

-

Onc question that the reader may ask, since the white-lipht system offers all
these glamorous merits, is why has it been ignored for so long? The answer to this
question is that it was a general acceptance that an incohercnt source cannot
process the signal in complex amplitude. HNowever, none of the practical sources are
strictly incohecrent, even a white-light source. Tn fact, we were able to utilize
the partinl coherence of o white=1{pght dgource Lo perform the complex ampl ftude
processing.  The proposed white-light processor, on one hand, is cnpnhle of
suppressing the coherent notse llke an incoherent processor, and on the other hand, it
is capable of processing the signal in complex amplitude like a coherent processor.'

There is however a different approach toward the utilization of a white-light
processor. In coherent processing, virtually no one evaluates the coherence
requirement, since the laser provides a very good coherent source. However, in

white-light processing, the evaluation of the coherence requirement is usually
called for.

- In white-light signal processing we should anproach the oroblem from a different
standpoint. First, we should have the a priori knowledge of the signal processing
operation we would cncounter. For example, is it a 1-D or 2-D processing? Is the
signal filtering a point or point-pair concept? What is the spatial bandwidth of
the signal? Then we would be able to evaluate the coherence requirements at
the Fourier and at the input planes. From the evaluated results, we would be able
to design a signal sampling function and a source encoding mask to obtain these
requirements. The objective of using a signal sampling function is to achieve a
high depree of temporal coherence in Fourier plane so that the signal can be proc-
essed in complex amplitude for the entire spectral band of the lipht source. And
for the source encoding, it is to alleviate the inability of an extended source.

In the following, we shall discuss in detail the source encoding, signal
sampling and spatial band filtering as applied to white-light signal processing.
- WHITE-LIGHT OPTICAL SIGNAL PROCESSING
LA We shall now describe an optical signal processing technique that can be
) carried out by a white-light source, as illustrated in Fig. 1. The white-light
n_nl signal processing system is similar to that of a coherent system, except for the use
b of a white-lipght mource, source encoding mask, signal sampling grating, multispectral
k{ fllters and achiromatic transform lenses. For example, 1 we place a signal trans-
h-:' parency s(x,y) in contact with a sampling phase grating, the complex light field for
:i_‘ every wavelength A behind the achromatic transform lens L; would be
.:’.::Zl E(p,q;A) = [[s(x,y) exp(ipox)exP[-i(pX+qy)]dxdy = S(p-po,q) 1)
N
. s
J
g:: where the integral is over the spatial domain of the input plane Py, (p,q) denotes
hifa the angular spatial frequency coordinate system, p, is the angular spatial frequency
h:.\:
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H write EBg. (1) In the form of Tinear apatin! coordinate ayatem (e ,R), we have,

I we

A
A e = § -
~17' gl-b_-"! A) ) S(u 20 PO’ ) ) (2)
vhere p = (2n/Af)a, q = (2u/A )R, and £ is the focal length of the achromatic trans-
J -form lens. Thus, we see that the Fourier spectra would disperse into rainbow color

along the a axis, and each Fourier spectrum for a given wavelength A is centered at
a= t(kf/Zn)po.

In signal filtering, we assume that a sequence of complex spatial filters for
various Xn are available, i.c., H(py,qy,), where p, = (2n/knf)u. a, = (Zn/an)ﬂ.

In
practice, all the processing signals are spatial frequency limited; the spatial
bandwidth of cach spectral band [Llter H(pn,qn) is also bandlimlited, such as

o it . '
<o <
nip_,q.) = (“(p'“'q“)’“l R (3)
Pnr9, ( : :
-\, 0, otherwise
vhere @y = (A £/2m)(p, + Op) and oy = (A f/2m)(p_ - Ap) are the upper and the lower
spatial limits of H(pp,qy), and Ap is the spatiai bandwidth of the input signal
s(x,y).
ent The limiting wavelengths of each H(p,,q,) can be written as
) P, + bp P, ~ Op 5
e B ™M T T ¢
o : o
The spectral bandwidth of H(pn,qn) is therefore
4p Ap
Moo= a4y (5)
p? - (ap)? Po
If we place this set of spectral band filters side-by-side positioned over the
speared Fourler spectra, then the intensity distribution of the output light field
can be shown as :
N
I(x,y) = I M [s(xy3)) * hixysd )] 2 (6)
n n n
n=1 .
use
 -tral vhere h(x,y3;)) is the spatial impulse response of H{p,,qa,) and * denotes the con-
. volutJon operatfon.  Thun, the proponed white=1Ight aipnal procennor s capable of
‘ot processing the signal In complex amplitude. Since the output intensity is the sum
of the mutually incoherent narrow band spectral irradiances, the annoying coherent
artifact can be climinated. Furthermore, the white-light source contains all the
elor wavelengths; the processor is very suitable for color signal processing.
s
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...‘...[ . . SPECTRAL BAND LTERING, STGNAL SAMPLING AND S()lm%!l'l FNCODING

R As stated earlier, in white-light slpnal processing we would approach the
}{?3 problem .-from a different standpoint. For example, if signal filterinp i{s two-

T dimensfonal (eop., 2=D correlation operatlion), we would syntheslze a set of narrow
spectral band filters for each A, for the entire smeared Fourier spectra, as
illustrated in Fig. 2(a). On the other hand, 1f the signal filtering is one-
dimensional (ec.g., deblurring due to linear motion), a broadband fan-shape spatial
filter, to accommodate the scale variation due to wavelength, can be utilized as
1llustrated in Fig. 2(b). Since the filtering is taking place with the entire
spectral band of the light source, the artifact noise can be suppressed and the
white-light processing technique is also suitable for color imape processing.

There is, however, a temporal coherence requirement imposed upon the signal
filtering in Fourier plane. Since the senle of the Fouricr apectrum varies with
wavelength, a temporal coherence requirement should be imposed on cach spatial
filter at the Fourier plane. Thus, the spectral spread over cach filter H(py,q,) is
imposed by the temporal coherence requirement, i.e.,

AX

_n _A4Ap

) po <1 )
n o

From this incquality, a high decgree of temporal coherence is achievable in the
Fouricr plane by simply increasing the spatial frequency of the sampling grating.

Needless to say, the same tempoal coherence requirements of Eq. (7) can also be
applied for a broadband fan-shape filter.

There is also a spatial coherence requirement imposed at the input plane of

the white-light signal processor. The spatial coherence function at the input
plane can be shown (refs. 14,15),

-
X

PG-x') = £Iy(x,Yexpli2m 52 (-x"))dx, (8)

which essentially is the Van Cittert-Zernike Theorem (refs. 16,17), where Y'(;o)
denotes the intensity distribution of the source encoding function.

From the above equation, we see that the spatial coherence and source encoding
functions form a Fourier transform pair, i.e.,

[ Cv(x) = FITGex")] (9)
:: o
o and
[ PG = F v )) (10)
b.‘ o
Piﬁ where ¥ denotes the Fourier transformation. This Fourier transform pair implies
Gﬁﬂ that if a spatial coherence function is given then the source encoding function can
A" be determined with the Fourier transformation and vice versa. We note that source
5-:3 encoding function can consist of apertures of any shape or complicated gray scale
o
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Nowever the nource oncod g tunet fon In only bimlted to a posftive
real quant ity which s restricted by the following physleal realizable condition:

- B2 x(x ) <1 T (11)

In white~light slgnnl processing, we would scarch for a reduced spattal
coherence requirement for the processing operation. With reference to this reduced

. spatial coherence function, a source encoding function that satisfies the physical -

realizability condition can be obtained. One of the basic objectives of the source
encoding is to alleviate the inability of a physical white-Yight souwrce. Further-

more the source encoding also lmproves the utilization of the light power such that
the optical processing can be carried out by an extended source.

We shall now flLlustrate an appllication of the source encod ing, signal sampling,
and filterlng for a white-light sipnal processing. lLet us now conslder a poly-
chromatic image subtraction (ref. 1B). The image subtraction of Lee (ref. 19) that
we would consider is essentially .a one-dimensiohal processing operation, in which
a 1-D fan-shape diffraction grating should be utilized, as illustrated in Fig. 3.

Ve note that the fan-shape grating (i.e., filter) is imposed by the temporal
coherence condition of Eq. (7). Since the image subtraction is a point-pair
processing operation, a strictly broad spatial coherence function at the input plane
is not required. 1In other words, if onc maintains the spatial coherence between

the corresponding image points to be subtracted at the input plane, then the sub-
‘traction operation can be carried out at the output image planc. Thus instead of

using a strictly broad spatial coherence function, a reduced spatial coherence
function may be utilized, such as

T(y-y') = 8(y-y'-h ) + 8(y-y'+h ) | (12)

where 2h, is the main separation between the two input color transparencies. The

source encoding function can therefore be evaluated by through the Fourier transform
of Eq. (9), such as

2 ho .
Y(yo) = 2 cos(—xf- yo) 13)

Unfortunately Eq. (13) is a bipolar function which is not physically realizable.
To ensure a physically realizable source encoding function, we let a reduced
spatial coherence function with the point-pair coherence requirement be (ref. 20)

sinG™ |y-y'])

I'(ly-y']) = ﬁ ainc G?EEIY‘Y'l) aa)
Nu.ln(-h~ “Ny=y'D 0
o

Equation (l4) represents a seguence
of narrow puises which occur at every |y-y'| = nh_, where n is a positive integer,

and their peak values arec weighted by a broader sinc factor, as shown in Fig. 4(a).

-Thus, a high degree of spatial coherence can be achieved at every point-pair between

the two input color transparencies. By taking the Fourier transformation of the
reduced spatial coherence function of Eq. (14), the corresponding source encoding
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function s

v(yl) =

N ‘ -ml]
% rect ..Y..._w - (15)

n=]

where w is the slit width, d = (A{/h;) is the scparation between the slfts, and N
is the number of the slits. Since Y(|y|) is a positive real function which

satisfies the constraint of Eq. (11), the proposcd source encoding function of
Eq. (15) is physically realizable. ’

In view of Eq. (15), we also note that the secparation of slit d is linearly
proportional to the A. The source encoding is a fan-shape type function, as shown
in ¥ig. 4(b). To obtain lines of rainbow color spectral light sources for the
alpnal proceasing, we would utldize n Jinear extended white-1ipht source with a
dispersive phase grating, as Hlustrated In ¥lg, 3. Thus with the described broad- -ﬁ
band source encoding mask, sampling grating, and fan-shape sinusoidal grating,

a color substracted image can be seen at the output image plane.

RECENT ADVANCES IN WHITE-LIGHT PROCESSING
1t would occupy lengthy pages to describe most advances in white-light signal

processing. We would however have to restrict our discussion to a few recent
results that are considered interesting. Since the white-light signal processor is

particularly suitable for color signal processing, we shall provide the results H

mostly in color images.

We shall first demonstrate a color image deblurring result due to linear mo-
tion. Since linear motion is a 1-D processing operation and its deblurring filter
is a point-by-point filtering, » fan-shape deblurring filter can be utilized

(ref. 21). Figure 5(a) shows a nolor picture of a blurred image due to linear
motion of an F-16 fighter plane. The body of this fighter plane is painted in navy
blue-and-white colors, the wings are mostly painted in red, the tail is also navy
blue~and-white, and the ground terrain is generally bluish-green color. From this
figure, we see that the plane is severely blurred due to motion. Figure 5(b) shows
the color image deblurring result obtained with the white-light signal processing
technique. From this result, the letters and overall shape of the entire airplane
are more distinctive than the blurred onc. The river, the hipghways, and the
forestry of the ground terrain are far morc visible. We note that the color

reproduction of the deblurred image is spectacularly faithful and coherent artifact
noise is virtually nonexistent.

Let us now provide a color image subtraction utilized by the source encoding
technique with extended incoherent sources (ref. 18) as described in previous
sections. Fipure 6(a) and 6(b) show two color Imape trannparcencies of a parking lot
an Input color objects. Flpure 6(c) shows the color subtracted fmage obtained by
the source encoding technique with extended incoherent source. 1In this figure, the
profile of a (red) subcompact car can be seen at the output image plane. The
shadow and the parking line (in yecllow color) can also he readily fdent 1fled,
However, we note that this color image subtraction result is obtained by two
narrow spectral band extended incoherent sources. Extension toward the entire
spectral band of a white-light source is currently under investigation.
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_sl . o We wlunll now HHTantrate ony crxperimental resnlt that a mubt leolor sound

!,: spectropram (rely 22) e be pencrated by o whilte=light processing techntoue, as
R fltustrated An Fig, 7. Flgure 8(a) shows a typical 1-D intensity modulated speech
»:}! signal obtained by focusing its CRT scanner onto a moving photographic fiim by a
'@j film tronsport. 17 the recorded format transparency s transporting over a

&

rectangular optical window at the input plane of Fig. 7, a frequency color encoded
sound spectrogram can be recorded at the output plane. Figure 8(b) shows a typical
frequency color coded speech spectrogram cbhtained with this techmique. The frequency

h content is encoded from red for high frequency, green for Intermediate frequency, to
:ﬂi i blue for low frequency. This color encoded speech spectrogram represents a sequence
ot of English words spoken by a male voice. These words are "testing, one, two, three,
i&: four." From this color encoded speech spectropram, we see that excellent rharacter-

_{zation of format varlation can readlly be scen.  Because of the use of a white-light
source, the artifact noise is avoided. As compared with the clectronic and-digital
counterparte, its white~light sipnal processing technique simplified the processing
technology and the system is rather versatile to opcrate. Althouph the result

provided is rather preliminary, it is the first color-coded speech spectrogram
being generated.

=

We shall now illustrate a computer controlled white-1ight density pseudocolor
encoder, as proposed in Fig. 9. The spatial encoding is made by multiplexing a
positive, a negative, and a product image onto a black-and-white photographic film,
as illustrated in Fig. 10. Figure 11 shows a sketch of the normalized transmittance
as a function of gray scale. 1f the encoded transparency 1s inserted at the input

plane of a white-light processor of Fig. 9, then a density color coded image can be
obtained by color filtering at the Fourier plane.

.

[

fﬁ:;' We stress that this white-light pseudocolor encoder offers several advantages
e over the digital counterpart. The encoder is far less expensive and in principle

the technique offers a higher image resolution.

" Figurc 12 shows a sct color coded fmage of a woman's pelvis. The x-ray was
taken following a surpical procedure. A scction of the bone between the sacroiliac
joint and spinal column has been removed. In Fig. 12(a), the positive imape is
encoded in reod, the negative imape is encoded in blue, and the product image is
encoded in green. By comparing the pseudocolor coded image with the original black-
and-white x~ray picture, it appears that the soft tissues can be better differen-
tiated by the color images as demonstrated by the fact that the imape contrast in
the region containing the gastrointestinal tracts is evidently superior in the color
image. On the other hand, there scems to be a degradation in the resolution in the
color image along cdpes of the hard tissues. This is perhaps caused by two reasomns:
Firstly, high frequency information may be eliminated duc to the low spatial
frequency encoding gratings (40 lines/mm and 26.7 lincs/wm) employed, Secondly,
the imapge miay be smeared duce to the film development process. These two problems

e be caslily corrccted by selecting higher frequency enceding pratings and by
gaining more experience in film procenalng,

Annther point worthwhile to note is that a reversal of the color encoding can
be easily implemented as shown in Fig. 12(b), where the positive and nepative imapes
are encoded in blue and red while the product imape remains in preen, This color
pixturc capahility could be beneflicial because an image in different color
combination may reveal subtle features which are otherwise undetected. For instance,
the air pockets in the colon of the patient can be identified more easily with
Fig. 12(b) than with Fig. 12(a). Moreover, a wide variety of other pseudocolor
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Jq cnqndvd Images can also be obtalned by simply alternating the vu\nr filters In the \
- i- Fourfer plane of the white-1light procesagor. 11
< L QONLLUSIHN . 14
a" : ‘
&:‘ In conclusion we would stress that source encoding is to provide an 1"
~ appropriate, reduced spatial coherence function at the input plane so that the i
o ; signal processing can be carried out by an extended white-light source. 'Ihe effect

S of the signal sampling is to achieve a higher temporal coherence at the Fourier 16
‘o plane so that the sipgnal can be processed in complex amplitude. If the filtering

b operation is two=dlimensfonal, a multi-spectral-band 2-D filters should be utilized.

! If the filtering operation is onc-dimensional, a fan-shape filter can be used. 1In 17
S summary, the white-light signal processor 1s capable of processing the signal in |
. complex amplltude an a coherent processor and, on the other hand, it suppresses the

R artifact noise as an incoherent processor. Since the white-light spurce contains 18
‘fi all the visible wavelengths, it has been shown very suiltable for color signal

) processing. -
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Figure 1. A whi;e-light optical signal processor.
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Figures 6(a) and (b). Black-and-white pictures of the input color objects.

Figure 6(c). A black-and-white subtracted color image.
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Figure 8(a). An intensity modulated format.

Figure 8(b). A black-and-white frequency color coded speech spectrogram.
This spectrogram represents a sequence of English words
"testing, one, two, three, four" spoken by a male voice.
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A computer controllable white~light density pseudocolor encoder
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